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ABSTRACT OF DISSERTATION

ROLES OF MICRORNAS IN PLANT ABIOTIC STRESS, DEVELOPMENT AND
VIRAL INFECTION

Plant microRNAs play important roles in plant growth and development. Here we
investigated the roles of miRNAs in the plant abiotic stress, development and viral
infection. MicroRNA membrane array analysis using five different abiotic stress
treatments resulted in the identification of 8 novel stress inducible miRNA-families.
Functional studies on novel stress inducible miR168 revealed its functional relation with
abiotic stress. Over expression of miR168 in Arabidopsis showed upregulation of four
stress related miRNAs (miR163, miR167, miR398 and miR408). Analysis of 9
independent transgenic lines showed induction of miR398, an oxidative stress responsive
miRNA with a corresponding down regulation of its target genes. Heavy metal oxidative
stress tolerance bioassays confirmed the susceptibility of transgenics compared to the
wild types indicating the fact that the miR168 is indirectly involved in plant abiotic stress
by inducing other stress responsive miRNAs.
MicroRNAs are highly conserved across the plant kingdom. A miRNA atlas was drafted
for different tomato organs and fruit stages using the known miRNA sequences from
different plants species. A large variation in both number and level of miRNA expression
pattern was observed among different organs as well as among fruit stages. In the present
investigation, we have found a window of expression for different miRNAs during the
fruit development. A gradual decrease in the expression levels of miR160h, miR167a and
miR399d and a gradual increase in miR164a have been noticed towards the fruit

maturation while miR398b showed dual peaks during fruit development indicating a
potential role of various miRNAs in fruit development and maturation.
Sonchus yellow net virus (SYNV) infected Nicotinana benthamiana leaves showed
severe disease symptoms at two weeks post infection (WPI) and gradually recovered
from the SYNV infection after 4-5 WPI correlating with the overall miRNA levels. The
miRNA array and northern analysis showed an overall reduction of miRNA biogenesis
during 2WPI followed by restoration to normal levels supporting the idea that the SYNV
indeed interfered with the host miRNA levels which caused the symptoms and recovery
phenotypes. Overall studies on plant abiotic stress, development and viral infection
showed important roles of miRNAs in different aspects of plant life.
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CHAPTER I
Review of literature

Introduction
MicroRNAs: New players in gene regulation
MicroRNAs (miRNAs) are a class of 21-24 nucleotides non-coding RNAs involved in
post-transcriptional gene silencing in all eukaryotes with the exception of budding yeast
(Lee et al., 1993; Fire et al., 1998; Reinhart et al., 2002; Groszhans & Filipowicz, 2008).
The first microRNA, lin-4, was discovered by Lee et al. (1993) in C. elegans and found
to be involved in the sequence dependent regulation of translation (Lee et al., 1993).
Later, the discovery of RNA interference (RNAi) revolutionized the understanding of
small RNA mediated gene regulation and led to the identification of several classes of
small RNAs involved in gene regulation. The accidental discovery of highly efficient
gene silencing mechanism mediated by double-stranded RNA, over either single sense or
anti-sense RNA (Fire et al., 1998) opened a new era in post-transcriptional gene
regulation. Though the antisense mediated gene silencing and co-suppressions have long
been known in plants, the exact mechanism was unclear until the discovery of RNAi. The
RNA interference in animals (Fire et al., 1998) is called as quelling in fungi (Catalanotto
et al., 2000) and post-transcriptional gene silencing in plants (Napoli et al., 1990; van der
Krol et al., 1990; Cogoni & Macino, 1999). The small RNA pathways in plants are
interlinked as well as independent (Figure 1.1 & 1.2) i.e. they share some common
biogenesis and action pathway components, however have functional differences (JonesRhoades et al., 2006; Axtell et al., 2007; Brodersen et al., 2008; Eamens et al., 2008;
Groszhans & Filipowicz, 2008).

1.1. Small RNA pathways in plants
Broadly, there are two classes of small RNAs based on source of precursor molecules
during biogenesis- microRNAs and small interfering RNAs (siRNAs). MicroRNAs are
generated from single-stranded RNA precursors (transcribed from the genomic locimicroRNA genes) forming an imperfect stem-loop secondary structure while small
interfering RNAs (siRNAs) are generated from perfect double-stranded RNAs (Reinhart
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et al., 2002; Bartel, 2004). So far four endogenous RNA silencing pathways have been
discovered in plants (Figure 1.1 & 1.2): micro RNA (miRNA), transactive small
interfering RNAs (tasiRNAs), natural siRNA (nat-siRNA) and repeat associate siRNA
(rasiRNA) (Angell & Baulcombe, 1997; Baulcombe, 1999; Reinhart et al., 2002; Bartel,
2004; Vazquez et al., 2004b; Eamens et al., 2008). The artificially introduced RNAs
(derived from transgenes or viral infections) produce small RNAs by using one or more
endogenous small RNA pathways depending on the secondary structure of the precursor
molecule.

1.1.a. MicroRNA pathway
MicroRNAs are small ~21-24 nucleotide (ntd) RNAs and are transcribed from genomic
loci. The nascent transcript known as primary miRNA, forms a stem-loop structure which
is processed to a mature miRNA duplex in two steps by the Dicer Like enzyme1 (DCL1)
with the help of a double-stranded RNA binding protein, HYPONASTIC LEAVES1
(HYL1) (Lu & Fedoroff, 2000; Reinhart et al., 2002; Bartel, 2004; Kurihara & Watanabe,
2004; Gasciolli et al., 2005; Kurihara et al., 2006). In the process, the DCL1 with the help
of HYL1 makes a first cut on the primary miRNA (pri-miRNA) at the stem side to
produce precursor-miRNA (pre-miRNA) followed by a second cut by the same complex
to produce mature miRNA duplex (Figure 1.1). The resultant miRNA duplex has two
nucleotide overhangs at the 3‟ end on both the strands. The 3‟ end last nucleotide is
methylated by the small RNA-specific methyl transferase, HUA ENHANCER1 (HEN1)
(Yu et al., 2005). Methylation is believed to protect the miRNA from exonucleases and
prevent the miRNAs acting as primers for the RDRP (RNA Dependent RNA polymerase)
from generating dsRNA using the target mRNA as a template (Yu et al., 2005). The
methylation of miRNA duplex is unique to the plant system and such mechanism is
absent in animal miRNA biogenesis. The small RNAs in the methylation defective hen1
Arabidopsis mutants have an additional uridine nucleotides on their 3' ends suggesting
that methylation functions to protect miRNAs from the poly-uridylation (Yang et al.,
2006).
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The miRNA biogenesis processes, the pre-miRNA processing, and storage/assembly of
miRNA processing complexes are believed to occur in the nuclear dicing bodies (Dbodies) within the nucleus of the plant cell (Fang & Spector, 2007). The processed
mature miRNA duplexes are then transported to the cytoplasm by a nuclear exporting
protein HASTY (HST), an ortholog of Drosophila Exportin-5 protein (Park et al., 2005).
After being exported to the cytoplasm, the mature miRNAs are loaded onto the
Argonaute (AGO) protein(s), the catalytic center(s) of plant RNA-induced silencing
complexes (RISC) (Vaucheret et al., 2004; Baumberger & Baulcombe, 2005). The
miRNA loaded RISC binds to the target mRNA in a sequence specific manner that
cleaves the target (Baumberger & Baulcombe, 2005), or prevents the translation
(Brodersen et al., 2008), or directs the chromatin remodeling (Qi et al., 2006) based on
the type of AGO protein and the loaded miRNA. Increasing evidence supports the idea
that miRNAs are sorted to different AGO proteins based on the 5‟ nucleotide of the
guider strand forming different RISCs (Mi et al., 2008). The miRNA mediated target
cleavage is the predominant mechanism in plants while the mammalian counterpart has
extensive miRNA mediated translation repression (Vaucheret, 2006).

1.1.b. transactive small interfering RNAs (tasiRNAs) pathway
The tasiRNA pathway involves both miRNA and siRNA pathways (Figure 1.1). First the
miRNA is transcribed from the genomic loci and processed into a mature miRNA. The
mature miRNA targets the transcript of transactive siRNA gene (TAS gene) and cleaves
it in a sequence dependent manner resulting in a cleaved TAS transcript with 5‟ and 3‟
fragments (Vaucheret, 2005a). These cleaved transcripts will be used as templates to
synthesize a double stranded RNA (dsRNA) by RDRP (RDR6) with the help of
Suppressor of Gene Silencing3 (SGS3) protein (Mourrain et al., 2000; Peragine et al.,
2004; Allen et al., 2005; Yoshikawa et al., 2005). The dsRNA is then processed in a
phased manner starting from the miRNA cleaved site into 21-nucleotide tasiRNAs by the
DCL4 in association with the dsRNA binding protein, DRB4 (Nakazawa et al., 2007).
The resultant tasiRNAs cleave the target mRNAs for degradation in a sequence specific
manner (Howell et al., 2007; Montgomery et al., 2008). Thus far, two miRNAs, miR173
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(TAS1 and TAS2) and miR390 (TAS3) are identified to be involved in the tasiRNA
biogenesis in Arabidopsis (Allen et al., 2005; Vaucheret, 2005a).

1.1.c. natural siRNA (nat-siRNA) pathway
Nat-siRNAs are generated from the dsRNA produced by natural antisense gene pairs also
known as natural cis-antisense gene pairs (Borsani et al., 2005). When natural cisantisense genes are transcribed, they produce overlapping transcripts (dsRNA) which
serve as immediate substrates for DCL2 (Figure 1.2A). The DCL2 derived 24 nucleotide
long nat-siRNA targets one of the natural cis-antisense genes from which it was derived
and cleaves it. The cleaved transcript is converted to dsRNA by RDR6 and SGS3 which
in turn is cleaved by the DCL1 into phased 21- nucleotide nat-siRNAs (similar to that of
the tasiRNA biogenesis). These 21 nucleotide nat-siRNAs target the mRNAs in a
sequence specific manner (Meister & Tuschl, 2004; Borsani et al., 2005).

1.1.d. repeat associated siRNA (rasiRNA) pathway
Repeat associated siRNAs are a special class of siRNAs that are functionally different
from the other four classes of small RNAs. rasiRNAs are 24 nucleotides long and
involved in transcriptional gene silencing (TGS) by sequence specific DNA methylation
(Mette et al., 2000; Hamilton et al., 2002; Chan et al., 2005; Wassenegger, 2005). In
plants most DNA methylation is associated with repetitive sequences to control their
expression (Eamens et al., 2008). The first evidence of homologous transgene
methylation came from the expression of RNA viroid sequence (Wassenegger et al.,
1994). Later it was also demonstrated that RNA viruses replicating in cytopasm could
methylate the homologous DNA in the nucleus indicating the possibility of a sequence
specific signal moving from the cytoplasm to the nucleus (Jones et al., 1998).

Recent studies have shown that rasiRNAs are involved in sequence specific TGS
(Transcriptional Gene Silencing). According to a recent model based on different studies,
the methylated DNA acts as a template for the transcription of aberrant RNAs by a RNA
polymerase II (Mette et al., 2000; Kanno et al., 2004; Kanno et al., 2005; Vaucheret,
2005b; Eamens et al., 2008). The transcribed aberrant RNA is then converted to a double-
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stranded RNA by an RNA dependent RNA polymerase, RDR2 and the resultant dsRNA
is cleaved into 24 nt long rasiRNAs by DCL3 (Figure 1.2B). To maintain the continuous
signal, dsRNA might act as a template to form a signal amplification loop. The plant
specific RNA polymerase IV uses dsRNA as a template to synthesize the single stranded
RNA, which is again converted to dsRNA by RDR2 to maintain production of a
continuous signal (rasiRNAs). The processed rasiRNAs are loaded onto AGO4 RISC
which directs the sequence specific DNA methylation by the combined action of different
methyl transferases such as Defective in RNA-directed DNA methylation1 (DRD1) and
Domains Rearranged Methylase 2 (DRM2). Later the DNA methylation is maintained by
the DNA methyl transferases, Methyltransferase1 (MET1) and Chromomethylase3
(CMT3) (Cao et al., 2003; Zilberman et al., 2003; Kanno et al., 2004; Kanno et al., 2005;
Eamens et al., 2008).

1.2 MicroRNAs and plant development
The cloning of microRNAs from the Arabidopsis opened a new era in the plant posttranscriptional gene regulation by miRNAs. Interestingly, most of the early cloned
miRNAs are abundantly expressed in the plant and are involved in plant growth and
development by targeting different transcription factors and hormone related genes
(Reinhart et al., 2002). Began with cloning of 16 miRNAs from Arabidopsis (Reinhart et
al., 2002), the plant miRNA world has expanded with the cloning of numerous miRNAs
from various plant species and different environmental conditions (Sunkar & Zhu, 2004;
Lu et al., 2005; Sunkar et al., 2005; Luo et al., 2006). The cloning of miRNAs from
different plant species revealed highly conserved nature of miRNAs across the plant
kingdom (Willmann & Poethig, 2007; Groszhans & Filipowicz, 2008). Since miRNA
targets the mRNA in a sequence specific manner, it is possible that the miRNAs have a
similar functional role across different plant species. Most of the miRNAs target
transcription factor genes which are involved in leaf, shoot and root development, floral
identity, flower development, flowering time, hormone signaling and vascular
development (Llave et al., 2002; Palatnik et al., 2003; Achard et al., 2004; Juarez et al.,
2004; Mallory et al., 2004a; Kim et al., 2005; Lauter et al., 2005; Jones-Rhoades et al.,
2006; Nikovics et al., 2006; Wang et al., 2007).
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Each microRNA has a unique number and a prefix, containing the abbreviation of the
plant species from which it was cloned. The conserved miRNAs from different species
have the same number with a different prefix (eg. ath168 and osa168 are conserved
miRNAs from Arabidopsis thaliana and Oryza sativa respectively). An alphabet at the
end of the miRNA is added if a miRNA is encoded from more than one locus (eg. athmiR168a and ath-miR168b). The functional studies of the miRNAs can be performed by
overexpression of miRNA and/or its predicted target mRNA. MicroRNA overexpression
is quite straightforward and can be achieved by expressing genomic DNA covering the
stem loop region using a constitutive promoter. However, overexpression of target gene
requires introduction of silent mutations in the miRNA target site on the mRNA (to
escape miRNA binding and cleavage). Recently, a naturally occurring novel mechanism
regulating the miR399 function, known as target mimicry was discovered in Arabidopsis
which was also demonstrated to be applicable to other miRNAs for functional studies
(Franco-Zorrilla et al., 2007).

Various functional studies using overexpression of miRNA or the target genes
demonstrated roles of miRNAs in plant growth and development (Wang et al., 2007;
Yang et al., 2007). Some of the important functions of these miRNAs are discussed here.
MicroRNA156/157 target mRNAs of Squamosa-promoter Binding Protein (SBP) box
genes (Schwab et al., 2005; Wu & Poethig, 2006) which are involved in developmental
timing in Arabidopsis (Wu & Poethig, 2006). The Arabidopsis plants expressing
miR156/157 resistant forms of SPL3/4 and SPL5 showed an early flowering whereas
constitutive expression of miR156 in Arabidopsis prolonged the vegetative phase and
delayed flowering (Wu & Poethig, 2006). In Arabidopsis the developmental transition
from juvenile to adult was characterized by decreased levels of miR156 and a
corresponding enhanced levels of SBPL3 transcripts (Wu & Poethig, 2006). This
phenomenon of extended juvenile phenotype was also noticed in maize Corngrass1, a
dominant mutant which has enhanced expression of miR156 (Chuck et al., 2007). The
tomato Colorless non-ripening (CNR) is a SBPL transcription factor family member
which is targeted by the miR156/157. The cnr mutants inhibit the normal fruit ripening
and exhibit colorless fruit phenotype lacking cell-to-cell adhesion. The study of these
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mutants and its phenotype provided (Manning et al., 2006) the very first evidence
(indirect) on the role of miRNA in fruit ripening. The paper also reported LeSPL-CNR, is
expressed at low levels in the initial stages of fruit development followed by a sharp
upregulation at the breaker stage.

The miR159 family members were predicted as well as validated to target MYB and TCP
family gene transcripts in floral organ development (Xie et al., 2005). MYB proteins are
known to bind to promoter regions of a number of genes including the floral meristem
identity gene LEAFY (Rhoades et al., 2002; Achard et al., 2004). A recent report in
Arabidopsis suggests that miR159a and miR159b are functionally redundant in
controlling plant growth habit, leaf, silique, and seed development (Allen et al., 2007). It
was also reported that the plant hormone ABA has a regulatory role on the levels of
miR159 during seed germination. MicroRNA159 accumulates in response to ABA during
the seed germination resulting in the degradation of its target mRNAs (MYB33 and
MYB101) to desensitize the hormone signaling during seedling stress in Arabidopsis
(Reyes & Chua, 2007).

MicroRNA160 targets Auxin Response Factor (ARF) 10, ARF16 and ARF17 (Rhoades
et al., 2002; Wang et al., 2005; Hardtke, 2006) which has a very important roles in auxin
mediated growth and developmental responses (Rhoades et al., 2002; Wang et al., 2005;
Hardtke, 2006). Expression of miR160 resistant ARF17 resulted in the altered expression
of auxin-responsive genes which led to severe developmental defects such as leaf shape,
development of premature inflorescence, altered phyllotaxy, sterile and abnormal
stamens, decreased petal size and defects in root growth (Mallory et al., 2005).
MicroRNA160 is also involved in the root cap formation by controlling the root cap cell
differentiation (Wang et al., 2005). MicroRNA164 targets mRNAs coding for NAC
domain transcription factors such as NAC1, CUC1 and CUC2 (Rhoades et al., 2002; Xie
et al., 2005). The Arabidopsis miR164 negatively regulates genes that encode NAC
domain transcription factors such as CUC1 and CUC2, which are necessary for the
formation of boundaries between meristem and emerging organ primordia (Aida et al.,
1999; Takada et al., 2001; Heisler et al., 2005; Sieber et al., 2007). In CUC1/CUC2
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double-mutant seedlings of Arabidopsis, the two cotyledons failed to separate and the
seedling meristem was arrested (Aida et al., 1999). Conversely, the plants expressing
miR164 resistant CUC1 and CUC2 showed abnormal vegetative growth including
prevention of lateral root initiation (Laufs et al., 2004; Mallory et al., 2004a; Guo et al.,
2005; Nikovics et al., 2006). It was reported that miR164 mediated regulation is also
necessary for proper formation of organs (Mallory et al., 2004a; Baker et al., 2005).

MicroRNAs, miR165 and miR166 belong to the same miRNA family but differ by a
single nucleotide at the 17th position from the 5‟ end of the mature miRNA. Both these
miRNAs target HD-Zip transcription factors (Rhoades et al., 2002; Xie et al., 2005) such
as PHB, PHV and REV which are involved in leaf development, leaf polarity (Tang et
al., 2003; Juarez et al., 2004; Mallory et al., 2004b; Williams et al., 2005) and vascular
development (Kim et al., 2005). It has also been reported that miR165 is involved in HDZIP-III mediated indeterminacy in apical and vascular meristems (McHale & Koning,
2004). MicroRNA167 negatively regulates ARF6 and ARF8 (Rhoades et al., 2002; Xie et
al., 2005) and is important in controlling the proper expression pattern of these genes in
Arabidopsis especially in maintaining the fertility of both ovules and anthers (Wu et al.,
2006). Overexpression of miR167 results in longer hypocotyls, sterile and smaller
flowers compared to wild type plants (Ru et al., 2006).

MicroRNA168 regulates Argonaute1 protein (Rhoades et al., 2002; Vaucheret et al.,
2004), a key component of RISC (RNA Induced Silencing Complex) and is very
important because it regulates its own pathway component. The miR168 was
demonstrated to regulate the expression of Arabidopsis AGO1, which is essential in
overall miRNA functions because the majority of 21 nt small RNAs are associated with
AGO1-RISC (Qi et al., 2006; Zhang et al., 2007). MicroRNA168 regulates the
expression of AGO1 through an auto-regulatory mechanism to maintain homeostasis of
AGO1 for proper development (Vaucheret et al., 2004; Vaucheret et al., 2006). Since it
regulates the key component of RISC, any variation in this miRNA expression has
potential influence on the function of other miRNAs. MicroRNA171 targets a family of
putative transcription factors known as scarecrow-like (scl) proteins (Reinhart et al.,
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2002; Rhoades et al., 2002; Xie et al., 2005), which are involved in radial patterning of
roots and hormone signaling (Silverstone et al., 1998; Helariutta et al., 2000). In
Arabidopsis and N. benthamiana a relatively high level of miR171 was detected in the
inflorescence and flowers compared to stem and leaf (Llave et al., 2002), however a
complete functional characterization has not been explored for this miRNA.

MicroRNA172 down regulates the APETALATA 2 (AP2) like transcription factor genes
and controls the flowering time and floral organ pattern in Arabidopsis (Aukerman &
Sakai, 2003). Activation tagging mutants overexpressing miR172 were early flowering
while overexpression of miR172 target genes, TARGET OF EAT 1 (TOE) delayed
flowering in Arabidopsis. This miRNA-mediated regulation of flowering time and floral
organ identity has been demonstrated in a heterologous system using N. benthamiana
(Mlotshwa et al., 2006). The Arabidopsis wild type AP2 and miR172 resistant AP2
(silent mutated) genes have been expressed under CaMV35s promoter in N.
benthamiana. Transgenic plants expressing the Arabidopsis wild type AP2 did not show
any phenotype (due to the regulation by the endogenous miR172 of N. benthamiana) but
the miR172 resistant AP2 (escapes the miR172 mediated regulation) showed floral
patterning defects such as increase in number of petals, stamens and carpels, indicating
the loss of floral organ determinancy. Overexpression of miR172 resulted in the
alteration of floral organs such as sepal to petal transformations and/or increased number
of sepals and petals. This suggests the conservation of miR172 and its target regulation in
different plant species. In maize GL15 (glossy15), a transcription factor targeted by
miR172 is involved in the development of adult leaf traits. Functional studies using loss
of function mutants (gl15) and transgenics overexpressing GL15 resulted in the
precocious development of adult leaf traits and extended juvenile leaf development
respectively (Moose & Sisco, 1994). It was also reported that the miR172 and miR156
levels during juvenile to adult shoot development are complementary indicating that the
relative levels of these two miRNAs might determine the developmental phase transition
(Chuck et al., 2007).
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MicroRNA319 targets TCP (TEOSINTE BRANCHED1, CYCLOIDEA, and PCF)
family of transcription factors involved in leaf morphogenesis (Palatnik et al., 2003).
Four independent gain of function tomato mutants that have mutation in the miR319
binding sites of Lanceolate (LA), a member of TCP transcription family, resulted in the
conversion of compound leaves into small simple leaves (Ori et al., 2007). Conversely,
over expression of miR319 resulted in larger leaflets and continuous growth of leaf
margins of tomato transgenic plants (Ori et al., 2007), indicating miR319 mediated
regulation of leaf shape. Interestingly, miR319 and miR159 are closely related miRNAs
by sequence (homology in 17 of 21 nucleotides), but found to be functionally divergent
in targeting distinct families of transcription factor genes (Palatnik et al., 2003; Achard et
al., 2004; Ori et al., 2007; Palatnik et al., 2007). MicroRNA 159 regulates MYB mRNAs,
while miR319 predominantly acts on TCP mRNAs due to the variation in the expression
levels, domain, and sequence limitation (Palatnik et al., 2007).

MicroRNA390 indirectly regulates the target genes by producing the trans-active siRNAs
(tasiRNAs). MicroRNA390 cleaves trans-active siRNA gene (TAS3) after being
generated through the miRNA biogenesis pathway. The resultant cleaved transcripts are
converted into double-stranded RNAs by RNA dependent RNA polymerase (RDR6)
which are then processed into siRNAs by DCL4 (Adai et al., 2005; Xie et al., 2005). The
generated tasiRNAs regulate the target genes in a sequence dependent manner. In
Arabidopsis the miR390 regulates the target genes indirectly through the production of
tasiRNAs from the AtTAS3 locus (Axtell et al., 2006). These TAS3 tasiRNAs negatively
regulate ARF3 and ARF4 that are necessary for proper leaf development, leaf polarity,
developmental timing and patterning (Adenot et al., 2006; Fahlgren et al., 2006; Garcia et
al., 2006).

1.3 MicroRNAs and plant abiotic stress
Plants, being sessile, have to cope up with different environmental stress conditions such
as drought, salt, extreme temperatures, heavy metals, salinity and nutrient deficiency. A
harmful effect of non-living factors on the living organism is known as abiotic stress.
Abiotic stress inflicts various deleterious effects at the cellular and molecular levels
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including but not limited to the accumulation of osmolytes and oxidative damage to
lipids, proteins, and DNA (Zhu, 2002; Scandalios, 2005; Yamaguchi-Shinozaki &
Shinozaki, 2006). As a result plants resort to molecular reprogramming to protect
themselves. Since abiotic stress disrupts many normal cellular functions, a quick and
extensive molecular reprogramming both at the transcriptional and post-transcriptional
level is highly essential to recover from the stress effects. Transcription factors are the
master gene regulators which can regulate many genes at a time and are involved in
abiotic stress response (Knight & Knight, 2001; Yamaguchi-Shinozaki & Shinozaki,
2006). It is interesting to know if the miRNAs, post-transcriptional gene regulators
mostly involved in the negative regulation of transcription factors have any role in the
plant abiotic stress.

The initial discovery of microRNAs and their involvement in plant growth and
development (Jones-Rhoades et al., 2006) led to the identification of stress-related
miRNAs. MicroRNAs are widely known to regulate genes involved in plant growth and
development. Initial cloning of miRNAs from seedlings, stems, leaves, flowers and
siliques of Arabidopsis resulted in the identification of 16 different miRNAs (Reinhart et
al., 2002) which are related to the plant development. After cloning 43 miRNA (15
families), attempts were made to clone miRNAs from plants under different stress
conditions and bacterial infections (Jones-Rhoades & Bartel, 2004; Sunkar & Zhu, 2004;
Lu et al., 2005; Katiyar-Agarwal et al., 2007). To find stress-responsive miRNAs, small
RNA libraries were created and sequenced with pooled RNAs from plants treated with
different abiotic stresses such as cold, dehydration, salinity, and abscisic acid (ABA)
(Sunkar & Zhu, 2004). Cloning of small RNA from stressed plants resulted in the
discovery of 15 novel miRNA families along with some siRNAs. Cloning of miRNAs
from the mechanical stress-treated Populus plants resulted in the identification of 10
novel miRNAs that are unique to the woody plant, Populus and absent in Arabidopsis
(Lu et al., 2005).

A direct evidence of miRNAs involvement in the plant abiotic stress came from the
identification of miR398 which targets two Cu/Zn superoxide dismutases (SODs). These
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SODs are involved in the reduction of superoxide anions to hydrogen peroxide which is
in turn converted into water and oxygen by the action of catalase, ascorbate peroxidase
(APX), or glutathione peroxidase (GPX) (Rabinowitch & Fridovich, 1983; Apel & Hirt,
2004; Sunkar & Zhu, 2004). Reactive oxygen species (ROS) produced during regular
metabolism is converted to less toxic hydrogen peroxide by SODs (cytosolic-CSD1 and
chloroplastic CSD2), however, enhanced production of ROS due to abiotic stress
(salinity, drought, heavy metals, high light and extreme temperatures) results in the
accumulation of ROS to toxic levels (Apel & Hirt, 2004; Sunkar et al., 2007). The highly
toxic ROS need to be quickly scavenged which requires a fine control over the regulation
of SODs. Detailed study on the expression of Cu/Zn SODs during oxidative stress
conditions revealed that they are under post-transcriptional control by miR398, indicating
the key role of miRNA-mediated regulation of SODs during abiotic stress (Sunkar et al.,
2006).

Apart from miR398, several other miRNAs were also found to be involved either directly
or indirectly in abiotic stress response (Sunkar & Zhu, 2004; Sunkar et al., 2007).
McroRNA159, which targets MYB transcription factors (MYB33, MYB65, MYB101
and MYB104) was reported to be induced by the stress hormone Abscisic acid (ABA)
under drought condition (Reyes & Chua, 2007). The miR169 family is one of the largest
families of miRNAs in rice. Of the 17 family members only one miRNA (miR169g) is
induced in response to drought stress (Zhao et al., 2007). Analysis of proximal elements
revealed the presence of Dehydration Responsive Element (DRE) indicating the
possibility of regulation of the miR169g by DREBs (DRE binding proteins) (Dubouzet et
al., 2003; Zhao et al., 2007).

Phosphate deficiency induces miR399 expression with a corresponding decrease in the
target gene transcript, ubiquitin-conjugating enzyme (UBC) in Arabidopsis (Fujii et al.,
2005). Majority of the plant miRNAs target sites are in the coding region, but the miR399
target site in UBC is in the 5‟ UTR region. Transgenic plants expressing UBC with 5‟
UTR (target site) showed the miR399 mediated downregulation and transgenics without
5‟ UTR did not show any downregulation under phosphate starvation, thus confirming
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the bona fide target in the 5‟ UTR of UBC mRNA. Recent investigations revealed
another layer of regulation of the PHO2 (a putative ubiquitin E2 Conjugase) by the
miR399 (Franco-Zorrilla et al., 2007). Two non-coding RNAs in Arabidopsis, IPS1 and
At4 have a highly conserved 24 nucleotide sequence which is also highly conserved
across different plant species. The first 10 and last 11 nucleotides are perfectly
complementary to the miR399, however there is a small three nucleotide bulge between
the 10th and 11th nucleotide from the 5‟ end of the miRNA. The 24 nucleotide conserved
region in IPS1 and At4 has a perfect complementarity with the miR399 except the middle
three nucleotides which upon hybridization with miR399 forms a small three nucleotide
bulge at the site of miR399 cleavage (between 10th and 11th nucleotide). This bulge
makes the IPS1 and At4 resistant to cleavage by miR399 but do not change its binding
hence traps the miR399 from cleaving the bona fide target PHO2. Functional analysis
revealed that these two non coding RNAs (IPS1 and At4) trap the miR399 and thereby
regulate the bona fide target PHO2 by controlling the available miR399 for target
cleavage resulting in fine tuning of the target regulation (Franco-Zorrilla et al., 2007).
Another abiotic stress responsive miRNA, miR395 is related to sulfur metabolism and
transport (Jones-Rhoades & Bartel, 2004; Jones-Rhoades et al., 2006; Sunkar et al.,
2007). MicroRNA395 targets a low-affinity sulfate transporter AST68 and three ATP
sulfurylases (APS1, APS3 and APS4) involved in sulfate assimilation.

Recently, microRNA microarray based identification of high salinity, drought, and low
temperature stress inducible miRNAs from Arabidopsis resulted in the identification of
14 stress inducible miRNAs (Liu et al., 2008). The expression of these stress inducible
miRNAs was validated by RT-PCR analysis of the microRNA precursor transcripts. Of
the fourteen stress inducible miRNAs, three miRNAs (miR168, miR171 and miR396)
were commonly upregulated during salt, osmotic, and cold stresses however, the exact
mode of action of these miRNAs in plant abiotic stress is not known.
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1.4 MicroRNAs and viral infections
Co-suppression and RNA-mediated Gene Silencing: A brief history
Though the mechanism of post transcriptional gene silencing (PTGS) was not clear until
the discovery of RNA interference (RNAi) (Fire et al., 1998), the effect of this
mechanism in viral resistance had been under investigation for a long time in plants
starting with an initial theoretical paper, „The concept of pathogen derived resistance:
deriving resistance genes from the parasite‟s own genome‟ (Sanford & Johnston, 1985).
In this paper the authors suggested that viral resistance can be generated by expressing a
small portion of its own genetic material against itself. However experimental evidence
on this concept came with the expression of the Coat Protein (CP) gene of Tobacco
Mosaic Virus in tobacco (Abel et al., 1986). Transgenic plants expressing the CP gene
did not show either disease symptoms or delayed appearance of symptoms. This was
called Coat Protein Mediated Resistance (CPMR). Several independent evidences also
showed a correlation between expression level of CP genes and disease resistance
supporting the CPMR (Register & Beachy, 1988; Osbourn et al., 1989; Powell et al.,
1989; Register & Beachy, 1989; Clark et al., 1990; Nejidat & Beachy, 1990).
In the mean time the phenomenon of „Co-suppression‟ was also reported in petunia. Over
expression of Chalcone synthase (CHS) gene (Napoli et al., 1990) or expression of
additional copies of dihydroflavonol-4-reductase (DFR) (van der Krol et al., 1990)
resulted in the reduced expression of the endogenous genes and the homologous
transgene in some of the transgenics (co-suppressed phenotypes). Further investigation
on „co-suppression‟ phenotypes revealed a positive correlation with the methylation of
the promoter region (Matzke & Matzke, 1991). However, other reports showed „cosuppression‟ independent of promoter methylation (Goring et al., 1991; Hart et al., 1992)
due to unknown post-transcriptional mechanisms (Goring et al., 1991; Decarvalho et al.,
1992).
The accidental discovery of „recovery phenotype‟ shed light on RNA mediated viral
resistance. While working on CP mediated resistance of Tobacco Etch Virus (TEV), a
frame shift mutated (non-translatable) CP gene (RC) was expressed as a control (Lindbo
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& Dougherty, 1992b, a). Transgenic control plants expressing the frame shift mutated CP
gene showed TEV resistance which led to the conclusion that the CP RNA sequence, not
the CP protein itself, was responsible for viral resistance (Lindbo & Dougherty, 1992b).
Also, the TEV infected leaves of RC and CP transgenic plants showed symptoms. Newly
emerging leaves showed fewer symptoms than older leaves, and subsequent leaves
showed almost no symptoms of infection. This phenomenon was termed as the „recovery‟
phenotype which was specific to TEV and not to Potato Virus-Y (PVY) (Lindbo &
Dougherty, 1992b; Lindbo et al., 1993). Analysis of steady state level and nuclear run-on
assays on the CP transgene indicated a CP RNA sequence specific degradation activity in
the cytoplasm (Lindbo et al., 1993). The authors called this phenomenon as RNAmediated resistance or RNA-mediated gene silencing and proposed that this phenomenon
involves RDRP (RNA Dependent RNA Polymerase) and double stranded RNase activity
(Lindbo et al., 1993; Lindbo & Dougherty, 2005). The relation between „co-suppression‟
and sequence specific RNA silencing was demonstrated by silencing the GUS transgene
using PVX vector with a portion of GUS gene (English et al., 1996). Also English et al.
proposed a link between the transgene methylation and RNA based gene silencing thus
confirming the post transcriptional RNA degradation activity in the cytoplasm for nonviral transgenes (English et al., 1996).

Silencing and counter Silencing
Following the discovery of the RNA-mediated sequence specific RNA degradation,
numerous reports on successful gene silencing of both viral and non-viral transgenes have
been reported (Lindbo & Dougherty, 2005). This led to the functional genomics of viral
based vectors for gene silencing, also known as VIGS (Viral Induced Gene Silencing).
Later it was demonstrated that non-transgenic plants also possess the post transcriptional
gene silencing response, indicating that plants have the RNA silencing response for the
virus itself irrespective of the presence or absence of the homologous transgenes (Covey
et al., 1997; Ratcliff et al., 1997; Ratcliff et al., 1999). All these reports supported the
idea that plants have the innate RNA gene silencing mechanism against viruses. Viruses
are susceptible for PTGS during different stages of their life cycle such as dsRNA stage
during replication, synthesis of dsRNA by host or viral RDRP, endogenous siRNAs
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targeting the virus RNA, and susceptible secondary structure of the virus itself. Hence
viruses are both inducers and targets of Post Transcriptional Gene Silencing (PTGS)
mechanism in plants (Lindbo & Dougherty, 2005; Voinnet, 2005).

Discovery of the counter silencing strategy of viruses against the PTGS revolutionized
understanding of the molecular arms race between the plant and virus (Voinnet, 2005).
To escape the plant PTGS, viruses produce counter silencing proteins also known as
Suppression of Gene Silencing (SGS) proteins which prevent gene silencing by
employing different mechanisms (Moissiard & Voinnet, 2004; Voinnet, 2005; Sharma &
Ikegami, 2008). The first report on SGS protein was from the TEV HC-Pro protein which
was proven to suppress silencing in tobacco (Anandalakshmi et al., 1998; Kasschau &
Carrington, 1998). When HC-Pro was expressed in the post transcriptionally silenced
GUS plants, GUS expression was restored. Other SGS proteins were also reported in the
same year such as 2b protein of CMV (Brigneti et al., 1998). This led to the discovery of
several SGS proteins from different viruses which had their own counter silencing
mechanisms (Moissiard & Voinnet, 2004; Voinnet, 2005; Sharma & Ikegami, 2008).
However, it is still unknown if Sonchus Yellow Net Virus (SYNV), a nucleorhabdo virus
has the SGS mechanism.

Sonchus yellow net virus (SYNV)
Sonchus yellow net virus (SYNV) is a plant nucleorhabdovirus composed of a single
stranded, linear RNA (~13.6 kb), core polymerase (L), nucleocapsid (N), phosphoprotein
(P), glycoprotein (G), and matrix protein (M) (Jackson & Christie, 1977). Susceptible
host of SYNV includes model plants and agriculturally important crops. These hosts are
Sonchus

oleraceus,

Bidens

pilosa,

Kalanchoë

blossfeldiana,

Lactuca

sativa,

Chenopodium quinoa, Zinnia elegans, Nicotiana benthamiana, N. clevelandii, N.
debneyi, N. edwardsonii, and N. glutinosa. Among them, Kalanchoë blossfeldiana is an
economically important, ornamental crassulacean acid metabolism (CAM) plant species.
Lactuca sativa, the lettuce, is an important vegetable crop heavily infected by SYNV
(Falk et al., 1986). Infected plants show severe systemic vein clearing, chlorotic local
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lesions, malformation or cupping. Interestingly, symptoms or viral proteins of infected
Nicotiana benthamiana often disappear after 4-6 weeks (Ismail et al., 1987).

Sonchus yellow net virus (SYNV) is a plant rhabdovirus widely occurring in Central and
South Florida, USA (Falk et al., 1986; Jackson et al., 2005). The virus is transmitted by
aphids (Aphis coreopsidis) and by mechanical inoculation of plant extracts (Jackson et
al., 2005). The viral particle contains a negative strand of RNA, a surface glycoprotein
(G), a nucleic acid associated protein (N), a membrane matrix protein (M), a
phosphoprotein (P), a core RNA-dependent RNA polymerase protein (L), and a sc4
protein (Jackson & Christie, 1977; Jackson et al., 2005).

Different SYNV gene encoded proteins have distinct functions in the viral localization,
replication, and SYNV-host interactions. The N protein mainly functions to encapsidate
the viral genomic RNA and to serve as a component of both the viroplasms and the RNA
dependent RNA polymerase (L protein) complex in the nucleus (Wagner et al., 1996). N
protein has a C-terminal bipartite nuclear localization signal (NLS) that has an important
function in targeting the N protein and probably the SYNV to the nucleus for replication
by mediating association with the nuclear Importin (Goodin et al., 2001). Although NLS
is typical to the N protein of nucleorhabdoviruses it is completely missing in
cytorhabdoviruses. While the C-terminal of the N protein functions in the overall
localization of SYNV, the N-terminal of the N protein further functions in protein-protein
interaction between N and P, the phosphoprotein for subnuclear localization of the
complex (Tsai et al., 2005).

Like the N protein, P protein is also a component of protein L complex. Thus, N, P, and L
interact with each other forming N:P and P:L or N:P:L complexes to function in viral
transcription and replication (Martins et al., 1998). The matrix protein M has the
following characteristics (Hillman et al., 1990): (i) basic and associates with the
glycoprotein G; (ii) a functionally unknown NLS site; (iii) a hydrophobic domain that
may mediate membrane-lipid interactions with G protein; (iv) phosphorylation at both
threonine and serine residues. As the name suggests, the G protein contain several
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glycosylation signals. In addition, G protein contains N-terminal putative signal peptides,
a transmembrane domain and a putative nuclear targeting signal. The RNA dependent
RNA polymerase (L) is positively charged and contains low polymerase and RNA
binding activity. It is hypothesized that the activation of a complete RNA dependent
RNA polymerase activity requires host components early in SYNV infection. The
polymerase activity is associated with a nucleoprotein derivative consisting of N, P, and
L. In addition to the N, P, M, G, and L, SYNV has an ancillary protein named sc4
(Scholthof et al., 1994). The sc4 is believed to have a function in cell-to-cell movement
(Melcher, 2000).

SYNV-host interaction: shedding light on a long lasting battle
SYNV-host interaction is a typical battle between pathogen and host. Studies of SYNVhost interaction may shed new light on the long-standing observations of SYNV infection
processes. There are two distinct phases during SYNV infection in host plants. During
the initial acute phase, SYNV rapidly and systemically spreads in host plants and
accumulates to high levels of viral particles in the host cell nucleus and perinuclear
spaces. After about third week, the plants enter a recovery phase characterized by a rapid
decrease in viral RNA and structural proteins (Ismail et al., 1987). This recovery phase is
accompanied by the accumulation of defective interfering particles in the infected plant
cells (Ismail & Milner, 1988). The underlying mechanism for such recovery of host
plants and the recession of the SYNV remains a mystery.

In animals, the M proteins are implicated to be involved directly in shutting off host gene
expression (von Kobbe et al., 2000; Petersen et al., 2001). Similar roles of SYNV M
proteins in shutting off plant host gene expression have been found in Dr. Goodin‟s
laboratory (personal communication). When the SYNV M protein was co-expressed with
reporter CFP, the fluorescence of CFP disappeared compared to the control expressing
CFP alone, indicating that SYNV M protein somehow blocked the expression of the
reporter gene (Jackson et al., 2005). It is not known yet if this blocking of gene
expression is general to the entire transcriptome of the host plants. Interestingly, the
blocking of CFP expression by the M protein can be overcome by the co-expression of
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the SYNV P protein (Jackson et al., 2005). This indicates that P protein can interact with
M protein and suppress the M protein mediated blocking of CFP expression.

Furthermore, it is known that P protein interacts with N protein to form N-P protein
complex. Experiments indicated that the P protein activated GFP expression that was
suppressed by the M protein could be reversed by co-expression of P and N proteins
(Jackson et al., 2005). This suggests that N and P proteins form a much more stable
complex (N-P) that is relocated to a sub-nuclear localization and sequesters the P away
from the P-M complex. The effect of P protein on M protein mediated down-regulation
of GFP could be mimicked by the known viral suppressors of RNA silencing such as p19,
HC-Pro and 2b, indicating SYNV P as a candidate RNA silencing suppressor (Jackson et
al., 2005). However, the exact mechanism for SYNV-P as an RNA silencing suppressor
needs further investigation to determine the functional role. In any case, these preliminary
reports suggest that the interactions among N, P, and M proteins may provide a novel
regulatory basis for the SYNV-host interactions and may account for two distinct phases
of SYNV infection and replication.

Recently, RNAi and microRNAs (miRNAs) have been recognized as key players in plant
innate immunity (Fritz et al., 2006), plant development and maintenance of plant organ
identities (Jones-Rhoades et al., 2006; Willmann & Poethig, 2007). Though new light has
been shed on the roles of SYNV-P as a putative suppressor of gene silencing (SGS)
protein (Jackson et al., 2005), a key question remains: why SYNV infected host plants
show a strong morphological changes and recovery post SYNV infection. It is well
known that changes of plant miRNAs can induce a dramatic alteration of plant
morphology (Jung & Park, 2007; Zhou et al., 2007), thus it is possible that SYNV might
be changing the plant morphology by affecting plant miRNA expression. Thus the
miRNAs have important roles in the overall plant growth, development and defense
against bacteria and viruses. Functional studies on individual miRNAs coupled with the
global expression data will provide a comprehensive idea on the individual and
coordinated functions of miRNAs. The synergistic and antagonistic responses will help to
alter the physiology and morphology of plants.
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Figure 1.1 Small RNA pathways in plants: miRNAs and tasiRNAs.
A. MicroRNAs are generated through series of steps involving DCL1, HEN1. The
mature miRNAs are loaded on to the RISC and cleave the target genes in a sequence
dependent manner. B. Biogenesis of tasiRNAs requires the initiation by miRNAs.
The TAS gene transcripts are cleaved by miRNA which are then converted into
dsRNA by RDR6. The dsRNA is cleaved by DCL4 to produce tasiRNAs.
miRNA: microRNA; tasiRNA: transactive small interfering RNA ; dsRNA: double
stranded RNA; TAS gene; transactive siRNA gene; Pol-II: RNA polymerase II;
DCL: DiCer Like protein; HEN1:Hua ENhancer1; AGO: Argonaute; RISC:RNA
induced Silencing Complex; RDR:RNA Dependent RNA polymerase.
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Figure 1.2 Small RNA pathways in plants: nat-siRNAs and rasiRNAs.
A. Natural siRNAs are generated from transcription of natural cis-antisense genes. The
resultant dsRNA is cleaved by DCL2 into nat-siRNAs which targets one of the two
cis-antisense genes which is then converted into dsRNA by RDR6. The dsRNA is
cleaved by DCL1 to produce more nat-siRNAs. B. Repeat associated-siRNAs are
generated from the repetitive methylated DNA region. Aberrant RNAs are transcribed
from the methylated DNA region which is then converted to a double-stranded RNA
by RDR2. The resultant dsRNA is cleaved into 24-nt long rasiRNAs by DCL3. To
maintain the continuous signal, dsRNA might act as a template to form a signal
amplification loop.
miRNA: microRNA; tasiRNA: transactive small interfering RNA ; dsRNA:
Copyright
VenugopalsiRNA
Mendugene;
2008Pol-II: RNA
double stranded RNA; TAS
gene; ©
transactive
polymerase II; DCL: DiCer Like protein; HEN1:Hua ENhancer1; AGO:
Argonaute; RISC:RNA induced Silencing Complex; RDR:RNA Dependent RNA
polymerase; DRD1:DEFECTIVE IN RNA-DIRECTED; DRM2:DOMAINS
REARRANGED
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METHYLASE2.

CHAPTER II
Role of microRNAs in plant abiotic stress

Introduction
Plants are sessile hence cannot escape from stress caused by the adverse environment.
They are continuously exposed to different biotic and abiotic stress conditions. This
enables them to develop different mechanisms such as altered physiology, metabolism,
and gene expression to cope with the stress effects. Plants have evolved sophisticated
mechanisms to adapt abiotic stresses by the regulation of gene expression both at the
transcriptional and post-transcriptional level (Zhu, 2002; Sunkar & Zhu, 2004). Small
RNAs, specifically microRNAs (miRNAs) and small interfering RNAs (siRNAs) are
recently identified as gene regulators that play important roles in plant development and
abiotic stress (Sunkar & Zhu, 2004; Jones-Rhoades et al., 2006). Most miRNAs
discovered are highly conserved across different plant species within the plant kingdom
(Jones-Rhoades et al., 2006).
MicroRNAs regulate post transcriptional gene expression by either mRNA cleavage
(Llave et al., 2002; Tang et al., 2003; Bartel, 2004) or translational repression (Aukerman
& Sakai, 2003; Chen, 2004; Brodersen et al., 2008). The study of plant miRNA began
with the cloning of small RNAs from Arabidopsis (Reinhart et al., 2002). Most of the
early microRNAs were cloned from plants grown under normal, unstressed conditions.
Recently microRNAs have been cloned from the plants exposed to different stress
conditions. This provided a direct relation of the microRNAs in regulating stress-related
genes (Sunkar & Zhu, 2004; Sunkar et al., 2006; Sunkar et al., 2007; Lu & Huang, 2008).
However, the stress response of early cloned microRNAs cloned under normal unstressed
conditions has not been studied. Here we aimed at studying the roles of known
microRNAs under different abiotic stress conditions. To study the global response of the
miRNAs in different abiotic stress conditions we developed a membrane array system by
spotting the antisense oligo‟s of known plant miRNAs from different plant species. Since
miRNAs are highly conserved across the plant kingdom the membrane array system is
capable of detecting miRNAs from other species as well. Some of the most recent studies
investigated individual miRNA response in different abiotic stress conditions and
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identified the roles of early cloned miRNAs, athmiR159 (Arabidopsis) and osmiR169g
(rice) in stress response (Reyes & Chua, 2007; Zhao et al., 2007). A study on global
expression pattern of the Arabidopsis miRNAs during drought, salinity and cold stress
using microRNA microarray implicated 14 cloned early cloned miRNAs role in stress
response (Liu et al., 2008). Of these, three miRNAs, athmiR168, athmiR171 and
athmiR396 were commonly upregulated in these stress conditions (drought, high salt and
cold) however, they were not functionally characterized.
In the present study we identified a set of early cloned miRNAs, including miR168 that
were commonly upregulated under different abiotic stress conditions. We further studied
the relation of miR168 with abiotic stress by overexpressing it in Arabidopsis. This
chapter describes the identification of stress responsive miRNAs and functional
characterization of miR168‟s role in abiotic stress.
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RESULTS
Study of global expression of miRNAs under different abiotic stress conditions helps to
understand if miRNAs have any individual or coordinated response. MicroRNA
microarray techniques provide information on the global expression pattern of miRNAs.
Currently available miRNA microarray methods are either expensive or laborious (Liang
et al., 2005) hence we have developed a miRNA membrane array technology, a cost
effective and highly sensitive method to profile the miRNAs. This technology enables
efficient monitoring of the miRNA expression pattern under different stress conditions.
Complementary single-strand DNA oligos of known plant miRNAs from different plant
species are spotted on a nylon membrane in a predetermined layout (Table 2.1). Gel
purified small RNAs are 5‟ end labeled and hybridized with the membrane. The washed
membranes are exposed to the PhosphorImage screen and scanned for images (See
materials and methods).

MicroRNA profiling under different abiotic stress conditions
Since each membrane array experiment requires at least 100µg of total RNA we used
tobacco (Nicotiana tabacum L.) plants for stress treatments. MicroRNA profiling was
performed for plants exposed to dehydration, salt, abscisic acid (ABA), heat and cold
along with a control. Total RNA was extracted from the control and treated leaves, and
small RNAs were extracted, labeled, and probed against the membranes. Washed
membranes were exposed to the PhosphorImage screen and scanned with Typhoon image
scanner. Signals were quantified using the image quant software.

Detection of miRNAs from tobacco using membrane array
So far there is no information on microRNA sequence in tobacco. Since microRNAs are
highly conserved across the plant kingdom it is possible to detect conserved miRNAs
from any plant species with the existing miRNA sequences from different plant species.
Based on this principle we developed a membrane array technology, which detects
miRNAs with a continuous stretch of 18 nucleotides homology (Tang et al., 2007).
Differences in the first or last three nucleotides do not influence the binding of small
RNAs to the spotted antisense oligos on the membrane. Using this spotted membrane we
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have successfully profiled miRNAs from different plant species like tobacco (Figure 2.1),
tomato (Chapter III), and from other plant species (lab data not shown here) for which
there is no information on the miRNA sequences.

Identification of stress responsive miRNAs from tobacco (Nicotiana tabacum L.)
MicroRNA expression was studied under five different abiotic stress conditions (abscisic
acid, dehydration, salt, cold and heat) using the membrane array technology (Figure 2.1).
The miRNA signals were quantified and normalized based on the average of four
external controls. MicroRNAs with a minimum of two-fold change in at least three of the
five abiotic stress conditions were categorized as stress responsive (Figure 2.2 and Table
2.2). Of the detectable miRNAs, 22 miRNAs from 12 different families have been
identified as stress inducible (athmiR156a, athmiR157a, athmiR164a, ptcmiR164f,
osamiR166l, ptcmiR166p, ptcmiR167h, athmiR168a, osamiR171b, zmamiR171c,
zmamiR171f, athmiR171b, ptcmiR319i, athmiR390a, ptcmiR397b, athmiR398a,
osamiR398b, osamiR399j, mtrmiR399d, ptcmiR399l, osamiR408 and sofmiR408e). All
these miRNAs are from tobacco and detectable with the known miRNA probes from
different plants species hence named with the plant species prefix (ath-Arabidopsis
thaliana; ptc-Populus trichocarpa; osa-Oryza sativa; gma-Glycine max; mtr-Medicago
truncatula; osa-Oryza sativa; ppt-Physcomitrella patens; sof-Saccharum officinarum). To
avoid confusion of the species names of the miRNAs are simply described with the
miRNA name without the plant species prefix.

Of the 12 stress inducible miRNA families, seven families (miR171, miR319, miR390,
miR397, miR398, miR399, and miR408) were already identified as stress responsive
(Jones-Rhoades et al., 2006; Baohong Zhang, 2007; Sunkar et al., 2007; Lu & Huang,
2008). The other five microRNA families (miR156/157, miR164, miR166, miR167 and
miR168) are identified as novel stress responsive miRNAs which were involved in plant
development (Jones-Rhoades et al., 2006; Wang et al., 2007; Willmann & Poethig, 2007).
We further confirmed the expression of some representative miRNAs by northern blot
analysis (Figure 2.3). Of the novel stress responsive miRNAs, the miR168 was selected
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for further study as it regulates the Argonaute1 protein (Vaucheret et al., 2004), the major
component of RISC (RNA Induced Silencing Complex).

Role of miR168 in abiotic stress
The stress responsive miRNA, miR168 is an important candidate miRNA as it posttranscriptionally regulates Argonaute1 (AGO1) protein, a key component of RISC slicer
activity (Reinhart et al., 2002; Vaucheret et al., 2004; Vaucheret et al., 2006). There is a
homeostasis between the miR168 and its target AGO1 through a post-transcriptional
auto-regulatory loop (Vaucheret et al., 2006). However, the role of this miR168 in abiotic
stress is not known. Database search using nucleotide BLAST program (Altschul et al.,
1997) with mature miRNA sequence (guide strand) or miRNA* (the passenger strand in
the mature miRNA duplex) yielded no direct targets involved in abiotic stress (data not
shown). Because there are no reports implicating the role of miR168 in abiotic stress, we
decided to further investigate the role of this miRNA in plant abiotic stress by ectopic
expression. Due to the availability of information on miRNAs and their targets, further
studies were conducted in model plant Arabidopsis thaliana.

Overexpression of miR168 and 3M-miR168 in Arabidopsis and miRNA profiling of
transgenic and wild type plants
Transgenic plants overexpressing miR168a and 3M-miR168a (mutated 3 nucleotides to
enhance the complementarity with the target mRNA and promote the cleavage) were
developed using CaMV35s (Cauliflower Mosaic Virus 35s) promoter (Figure 2.4 & 2.5).
Transgenic plants showed water soaked and stressed symptoms compared to wild type
plants when grown under normal unstressed conditions (240C and 12hrs light and 12hrs
dark photoperiod). To gain insight into miRNA regulation, a miRNA array was
performed for the representative miR168 and 3M-miR168 overexpressing plants along
with a wild type control C24 (Figure 2.6). The external control normalized data was
filtered for at least a two-fold change (up/down regulation) in expression (Figure 2.7
Table 2.3). Quantified and normalized data from the three arrays showed a minimum of
two fold change in fourteen miRNAs from ten different families (Figure 2.7). Both types
of transgenic plants (35s::MIR168 and 35s::3M-MIR168) showed a common trend of
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downregulation in six miRNA families (miR157, miR160, miR164, miR165, miR166 and
miR391) and upregulation of four miRNA families (miR163, miR167, miR398 and
miR408) compared to wild types. However, miR395 was particularly induced in
35s::3M-MIR168 and not in 35s::MIR168 plants.

Northern blot analysis of these upregulated miRNAs were in agreement with the array
data (Figure 2.8). Northern blot using the probe against the native miR168 confirmed the
overexpression of miR168 in the 35s::MIR168 plants (Figure 2.8A). This probe was
unable to detect 3M-miR168 expression in 35s::3M-MIR168 plants due to the difference
of three mutated nucleotides. The signal detected in wild type and 35s::3M-MIR168
plants was from the endogenous miR168 expression. To detect 3M-miR168, a specific
probe against 3M-miR168 was synthesized (DNA oligo antisense to 3M-miR168) and
used for northern blot analysis. This probe was highly specific and hybridized with only
3M-miR168 and not with the native athmiR168 (Figure 2.8B). This confirmed the
expression of mutated construct (35s::3M-MIR168). Also Northern blot was performed
to confirm the array data on four induced miRNAs (miR163, miR167, miR398 and
miR408) in transgenics. Northern blot results were in agreement with the array results for
all four induced miRNAs in the transgenic plants compared to the wild type plants
(Figure 2.8 C, D, E and F).
It is interesting to know that these upregulated miRNAs (miR167, miR395, miR398 and
miR408), except miR163, are directly implicated in the abiotic stress response (Sunkar &
Zhu, 2004; Sunkar et al., 2006; Abdel-Ghany & Pilon, 2008; Liu et al., 2008). Also, two
of the five target genes [S-adenosyl methionine (SAM) dependent methyl transferases] of
miR163, are herbivore induced (Chen et al., 2003) indicating that all the upregulated
miRNAs are either directly or indirectly involved in the stress responses.

Analysis of independent miR168 over expressing lines
Of the induced miRNAs in transgenic plants, the miR398 was well characterized for its
role in abiotic stress hence we further analyzed its target gene expression. MicroRNA398
targets two Cu/Zn Superoxide dismutases (CSD1 and CSD2) which are completely under
post-transcriptional regulation by miR398 (Sunkar & Zhu, 2004; Sunkar et al., 2006). To
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test if this is true with all transgenic lines of 35s::MIR168, Northern blot analysis was
performed using all nine independent lines of 35s::MIR168 along with a wild type
control. All the nine transgenic lines showed overexpression of miR168 and quantitative
real-time PCR analysis showed a corresponding decrease in the miR168 target gene
(Argonaute1) expression (Figure 2.9). All the transgenic lines showed an enhanced
expression in the miR398 (Figure 2.10A) indicating the fact that miR168 overexpression
resulted in the enhanced expression of miR398 in transgenic plants. Quantitative realtime PCR analysis of miR398 target genes (CSD1 and CSD2) showed a corresponding
decrease in target gene mRNAs in transgenic plants compared to wild types (Figure 2.10
B & C).

BIOASSAY: Copper susceptibility of the transgenic plants
Superoxide dismutases convert free oxygen radicals into Hydrogen peroxide (H2O2)
which in turn is converted into water and oxygen molecule by Catalase (Alscher et al.,
2002). Enhanced expression of CSD2 conferred oxidative stress tolerance to the
transgenic plants (Sunkar et al., 2006). Transgenic plants expressing a mutated CSD2
(which escapes miR398 mediated negative regulation) showed heavy metal stress
tolerance and germinated on the media with 150µM CuCl2 (Sunkar et al., 2006). Heavy
metals such as Copper cause oxidative stress by enhancing the production of oxygen free
radicals (Landberg & Greger, 2002). But in transgenics the enhanced CSD2 expression
protects from the oxidative stress by scavenging the free radicals hence shows oxidative
stress tolerance.

In the present study, the 35s::MIR168 and 35s::3M-MIR168 showed enhanced
expression of miR398 and miR408, that are involved in Copper stress response (Figure
2.8). Since the transgenic plants have decreased levels of CSD1 and CSD2 it can be
expected that these transgenic plants should be susceptible for oxidative stress hence
tested for copper stress sensitivity. Ten-days old seedlings germinated on MS media were
transferred on to the fresh MS media containing various concentrations of CuCl2 (0, 10,
25, 50, 100 and 150µM). Fifteen days after transfer, transgenics and wild type plants
showed different responses at different concentrations (Figure 2.11A). At 0µM CuCl2,
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transgenic plants (miR168 and 3M-miR168) showed slightly water soaked appearance
however not very prominent. Water soaked appearance and stressed symptoms were seen
in the transgenic plants compared to wild types grown at 10µM CuCl2 concentration. A
growth restriction of transgenic plants, compared to the wild types was seen at 25µM
CuCl2 concentration. Clear visible stress symptoms and obvious growth restriction in
transgenic plants was observed at 50µM CuCl2 concentration, whereas wild types did not
show any of these stressed symptoms. Leaves of transgenic plants showed chlorosis and
yellowing while leaves of wild type plants were still green. This concentration (50µM
CuCl2) clearly distinguished the susceptibility of transgenic plants compared to wild
types. Both 100µM CuCl2 and 150µM CuCl2 restricted the growth of both transgenic
plants as well as wild types which showed yellowing of leaves and chlorosis (Figure
2.11).

The same plants showed a severe form of symptoms 30 days after transferring on to the
media with 25µM CuCl2 or higher concentration (Figure 2.11B). Though transgenic
plants showed stressed symptoms, growth was not restricted at 0µM CuCl2 and 10µM
CuCl2 concentration. At 25µM CuCl2 concentration, the transgenic plants showed a clear
growth reduction and yellowing of leaves compared to the wild type plants, however this
distinction could not be seen at 15 days of exposure. Plants on media with 50µM CuCl2
concentration for 30 days, showed a clear distinction between the susceptibility of
transgenic plants and the tolerance of wild types while both 100 µM and 150µM CuCl2
concentrations were equally toxic to transgenic plants as well as wild type plants (Figure
2.11B).

Overexpression of Argonaute1 protein
An attempt was made to generate transgenic Arabidopsis plants overexpressing
Argonaute1 (AGO1). Four silent mutations were introduced into the AGO1 genomic
DNA at miRNA binding sites to avoid the cleavage of AGO1 mRNA by miR168 (Figure
2.12). The mutated AGO1 genomic region along with the native promoter was expressed
in Arabidopsis plants. Of the thousands of seeds screened, only two plants were
transferred to soil, which were extremely weak and died before producing seeds (data not

29

shown). A recent method of blocking the miRNA function by mimicking the target
(Franco-Zorrilla et al., 2007) was also used to overexpress AGO1. This is called the
target mimicry where a three nucleotide bulge is introduced at the site of cleavage
(between 10 and 11 nucleotide from the 5‟ end of the miRNA) to prevent the miRNA
cleavage. This allows the miRNA loaded RISC to bind to the mimicked target but
prevents the cleavage of the target mRNA due to the presence of the three nucleotide
bulge (Figure 2.12 A and B). An artificial target mimicry construct was prepared to block
the function of the miR168 which should, theoretically enhance the expression of AGO1
(Figure 2.12 C and D) however it did not yield the expected results. Two artificial target
mimicry sites were created which contains the complementary nucleotide sequence to the
mature miRNA nucleotide sequence except three nucleotides (which forms a bulge) at the
site of cleavage (Figure 2.13C). These are separated by 50 random nucleotides to allow
binding of two RISC complexes. This design didn‟t result in the overexpression of AGO1
for unknown reasons.
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DISCUSSION
The role of microRNAs is expanding with the cloning and characterization of miRNAs
from different plant species as well as from different abiotic stress conditions (Sunkar et
al., 2007; Lu & Huang, 2008). To understand the stress response of miRNAs, tobacco
seedlings were treated with five different abiotic stress treatments (Dehydration, ABA,
Salt, Cold and Heat). MicroRNA array was performed by the newly developed membrane
array (Figure 2.1). Quantified data was normalized on the average of the four external
controls (MAC 1, 2, 3 & 4). The miRNAs which showed a minimum of two fold change
in at least three of the five treatments were considered as stress responsive (Table 2.2).
This screen yielded 22 stress responsive miRNAs from 12 different families which
includes previously identified stress responsive (7 families) as well as novel early cloned
stress responsive miRNAs (5 families).

Of the stress responsive miRNAs the miR168 is interesting as it regulates the expression
of Argonaute1 (AGO1), a key component of RNA induced Silencing Complex (RISC)
(Vaucheret et al., 2004). This miR168 and its target AGO1 relation is unique as the
miR168 cleaves the target mRNA (Argonaute1) by loading onto the RISC composed of
its own target (AGO1). This miR168 and its target AGO1 are involved in the posttranscriptional homeostasis by an auto-regulatory loop (Vaucheret et al., 2006). Since
these two are in homeostasis (miR168 and its target AGO1) there is always a balance in
the expression pattern. High levels of miR168 lead to the more RISC loading of miR168
which cleaves the AGO1 mRNAs and bring AGO1 to the normal levels and the opposite
is true with low miR168 levels. Similarly, high levels of AGO1 lead to the more RISCs
which lead to more miR168 loading on to RISC resulting in the more cleavage of AGO1
mRNAs bringing them to the normal levels and the opposite is true with low levels
AGO1. Current study and also published data (Liu et al., 2008) implicated miR168 in
stress response. However, its relation with abiotic stress is not known. Since there are no
other direct targets for miR168 it is interesting to investigate the role of miR168 in plant
abiotic stress. MicroRNA168 influence the AGO1 RISC levels, which is the platform for
the function of most miRNAs, it was speculated that the miR168 has an indirect influence
in abiotic stress through other miRNAs.
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To further study the roles of miR168, we overexpressed miR168a in Arabidopsis using a
constitutive CaMV35s promoter (Figure 2.4). Also to prove that the mechanism is
mediated through AGO1 protein, not by miR168 itself (by directly targeting other genes),
an artificial miRNA (3M-miR168) with three mutations was expressed under CaMV35s
promoter. This artificial 3M-miR168 has a perfect 21 nucleotide sequence
complementary to the AGO1 mRNA which enhances the binding as well as promotes
cleavage mediated negative regulation (acts as an siRNA for the perfect cleavage) over
translation repression (Valencia-Sanchez et al., 2006; Vaucheret et al., 2006).
Interestingly, both types of transgenic plants (35s::miR168 and 35s::3M-miR168) showed
the stressed phenotypes when grown under normal temperature and light conditions
compared to wild type plants indicating the fact that miR168 is indeed related to abiotic
stress. A further analysis of miRNA expression in these two types of transgenics and wild
type plants using membrane array gave preliminary information on how miR168 can be
related to abiotic stress.

The membrane array data showed that transgenic plants (35s::miR168 and 35s::3MmiR168) have a different expression pattern compared to the wild type plants (Figure
2.6). MicroRNAs that showed a minimum of two fold change (up or down regulated)
have been selected from the quantified data. Nine miRNAs from five miRNA families are
down regulated (athmiR157, athmiR160, athmiR164, athmiR165/166 and athmiR391) in
the transgenic plants compared to the wild type plants. However, five miRNA families
are up regulated (miR163, miR167, miR395 miR398 and miR408) in transgenics
compared to the wild type plants (Figure 2.7). Interestingly, four (athmiR167, athmiR395
athmiR398 and athmiR408) of the five upregulated miRNA families are known to be
involved in direct abiotic stress response (Fedoroff, 2002; Reinhart et al., 2002; Achard et
al., 2006; Sunkar et al., 2006; Phillips et al., 2007; Abdel-Ghany & Pilon, 2008). While
the fifth one (athmiR163) is predicted (Reinhart et al., 2002) to target five defense related
proteins (SAM-dependent methyl transferases) indicating over all up regulation of stress
(biotic and abiotic) responsive miRNAs in the transgenic plants. This is in agreement
with the initial hypothesis that miR168 mediated down regulation of AGO1 causing the
up regulation of most if not all stress responsive miRNAs (Figure 2.14A). Of these five
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miRNA families, four (miR167 , miR395, miR398 and miR408) have been implicated in
direct stress response (Sunkar et al., 2005; Liu et al., 2008) while, two of the five target
genes [S-adenosyl methionine (SAM) dependent methyl transferases] of miR163, are
herbivore induced. MicroRNA395 is induced by sulphate starvation and targets two
different genes, ATP sulfurylases and AST68 (sulphate transporter) which are involved in
the sulphur metabolic pathway (Jones-Rhoades & Bartel, 2004; Phillips et al., 2007).
MicroRNA398 post-transcriptionally regulates the levels of Cu/Zn superoxide dismutases
that are involved in oxidative stress response while miR408 is also a copper responsive
miRNA which targets the transcripts of Plantacyanin and Laccases (Abdel-Ghany &
Pilon, 2008).

The miRNA and its target mRNA relationship depend on the transcriptional activity of
the miRNA and mRNA promoters which is always not necessarily an inverse relationship
(Llave et al., 2002; Achard et al., 2004). In case of miR398 it was proved that the target
mRNAs of two Cu/Zn SODs are under complete post-transcriptional control of miR398
and showed an inverse correlation (Sunkar et al., 2006). Any change in the miR398
results in the opposite response of the target genes (SOD1 and SOD2) hence miR398 was
selected for further analysis. Northern blot analysis of nine independent transgenics
(35s:MIR168) showed an increase in the miR398 expression. Quantitative real-time PCR
showed a corresponding down regulation of miR398 target genes, CSD1 and CSD2. This
further confirmed the hypothesis that miR168 by some mechanism enhances the miR398
(Figure 2.14A). Since the transgenic plants have less CSD1 and CSD2 levels they should
be susceptible for the abiotic stress. Heavy metal (Copper) oxidative stress tolerance
assays also reinforced the fact that the transgenic plants are indeed susceptible to abiotic
stress compared to the wild type. The microRNA array data, transgenic analysis and
bioassays all the results support the fact that miR168 is indirectly involved in abiotic
stress by inducing stress responsive miRNAs.

33

MATERIALS AND METHODS

Selection of representative miRNAs and design of miRNA membrane array
Mature miRNA sequences are highly conserved across the plant kingdom (Zhang et al.,
2006a; Groszhans & Filipowicz, 2008). We developed a membrane array based on the
known

sequence

information

of

miRNAs

from

miRNA

database

(http://microrna.sanger.ac.uk/sequences/). Based on our experiments it was found that
miRNAs with a continuous stretch of 18 nucleotide homology could be detected with a
single DNA oligo on the membrane (Tang et al., 2007). Following this principle we
designed a set of 188 complementary DNA oligos for known miRNAs, which cover
currently (August-2006) available conserved and unique plant miRNAs from different
plant species (Griffiths-Jones et al., 2008).

The antisense DNA oligo nucleotide sequences for the representative miRNAs are
presented in Table 2.4. Each DNA oligo (0.25 pmol) was spotted with a predetermined
layout (Figure 2.1) onto a Hybond N+ membrane using Genetix Qpix2 (Advanced
Genetic Technologies Center at the University of Kentucky). After spotting with probes,
the membrane was UV cross-linked twice, with 100 μJ/cm2 for half a minute each time,
before and after rinsing with 2X SSPE buffer. Along with the complementary miRNA
probes, each array membrane was spotted with four quantification and titration probes
(MAC1, MAC2, MAC3, and MAC4, where MAC represents miRNA array control). The
corresponding four synthetic small RNAs (Table 2.4) complementary to the MAC 1-4
DNA oligos were added to the total RNAs in order to monitor the loss of small RNA
during extraction and purification. The gel purified small RNAs were 5‟ end labeled with
γ-p32 and hybridized with the membrane to profile the miRNA expression.

Stress treatments and small RNA extraction
Tobacco plants were grown on MS media with 3% sucrose for three weeks in aseptic
magenta boxes at 240C with 16hrs of light and 8 hrs of dark. For dehydration treatments
plants were removed from the magenta boxes and exposed to air under the same light and
temperature conditions until the plants lost 30% of fresh weight. Salt stress and Abscisic
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acid (ABA) treatments were given by immersing plant roots in the magenta boxes with
MS liquid media containing NaCl (300mM-4hrs) or ABA (100µM-3hrs). Cold (40C) and
heat (450C) treatments were given by placing the magenta boxes containing plants at 40C
and 450C for 1hr respectively. Control and stress treated plants were flash frozen with
liquid Nitrogen and stored at -800C. Total RNA of ~200µg was extracted from the
untreated control and stress treated leaves using modified Trizol (Invitrogen) method.
The samples were overnight incubated at -200C before precipitation to improve the small
RNA precipitation in the modified protocol. The concentration of RNA was measured
using Nanodrop1000TM (Thermo Scientific) spectrophotometer.

A 15% denaturing polyacrylamide gel (SequaGel-National Diagnostics) was prepared
using 60 ml SequaGel concentrate, 30ML diluents, 10ML buffer, 800µl 10%SDS and
40µl TEMED (N,N,N',N'-Tetra Methyl Ethylene Diamine). After pre-running the gel
(GIBCO-BRL Model V16 Vertical Gel Electrophoresis Apparatus) for 1 hour at a
constant 20W power, 100 µg total RNA in the Formamide buffer was heat denatured and
loaded onto the gel. The gel electrophoresis apparatus was run for 1 hour 40 minutes at a
constant power of 20W. A gel fragment spanning the size in the range of 15 to 28
nucleotides was excised. The extracted gel piece was powdered and appropriate amount
(2-3ML) of gel elution buffer (100mM Tris-HCl, pH 7.5, 300mM NaCl, 10mM EDTA)
was added. The small RNAs were extracted into the elution buffer by overnight shaking
at room temperature. The overnight shaken tubes were centrifuged at 5,000 rpm for 5
minutes and the supernatant was carefully transferred into a fresh 15 ML Falcon tube. To
the eluted buffer glycogen @ 1µl/ML (10mg/ML stock) and 2.5 volumes of cold Ethanol
(100%) were added and overnight incubated at -200C. Small RNAs were precipitated by
centrifuging at 12,000 rpm for 15 minutes at 40C, washed with 80% Ethanol, the resultant
pellet was dried and dissolved in RNase free water.

Labeling of small RNAs and miRNA array hybridization
The isolated small RNAs were dephosphorylated using Antarctic phosphatase (New
England Biolabs) at 370C for 1 hour. The Antarctic phosphatase was then heatinactivated at 65 0C for 10 minutes. The dephosphorylated small RNAs were end labeled
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with γ-P32ATP using T4-polynucleotide kinase (New England Biolabs) at 370C for 1hour.
The reaction mixture was passed through a Sephadex G-25 chromatography column
(Roche Applied Science) to get rid of unlabeled free γ-P32ATPs. The spotted membranes
were pre-hybridized for at least 2hrs with hybridization buffer (50% Formamide, 5X
SSPE, 5X Denhardt‟s salts, 0.5% SDS, 80μg/ml denatured herring sperm DNA) at 370C.
The purified labeled small RNAs were added to the pre-hybridized membranes and left
overnight for hybridization at 370C. The overnight hybridized membranes were washed
three times, 20 minutes each with 2X SSC (0.15 M NaCl, 0.015 M sodium citrate)
containing 0.1% SDS at 370C. The membranes were exposed to a PhosphorImager
screen. The overnight exposed screens were scanned using Typhoon-9400 image scanner
(Amersham/GE Health care). The miRNA signals were quantified using Image Quant TL
software (GE Health care) and analyzed using Microsoft Excel program.

Overexpression of miR168a and 3M-miR168a in Arabidopsis
a. MicroRNA168a overexpression with CaMV35s2x promoter
Arabidopsis miR168a is encoded (EST H77185) from the intergenic region of
chromosome four. The CaMV35s::MIR168 construct in pBIN19+ was kindly provided by
Dr. Herve Vaucheret (INRA, France). This was cloned into the binary vector pCAMBIA2300 between Kpn I and Xba I sites (Figure 2.4A). The confirmed clone of
CaMV35s::MIR168a in pCAMBIA-2300 vector was transformed into Agrobacterium
tumefaciens strain GV-3850 by freeze thaw method. The Agrobacterium containing
CaMV35s::MIR168a was transformed into the Arabidopsis thaliana (ecotype C-24) by
floral dip method (Clough & Bent, 1998). Seeds were collected, sterilized and selected on
MS media containing Kanamycin (50mg/L). A total of 9 independent transgenic plants
over expressing miR168 were developed.

b. Mutated miR168a (3M-miR168) expression with CaMV35s2x promoter
The native miR168 has two mismatches and one non-Watson G:T pair with the target
AGO1 mRNA (Figure 2.4 B). These three nucleotides were mutated and expressed as
3M-miR168 to have a high homology with the target AGO1 mRNA (Figure 2.5 A, B and
C). To generate 3M-miR168, the stem-loop region of miR168 was mutated at three sites
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without disturbing the secondary structure of the stem-loop and expressed under
CaMV35s promoter (Figure 2.5C). The mutated stem-loop structure had almost same free
energy (∆G= -69.10 kcal/mol) and secondary structure (Figure 2.4C & 2.5A) as that of
the native miR168 (∆G= -69.60 kcal/mol) (Zuker, 2003). Mutations were created by PCR
using primers containing the mutated nucleotides. Native miR168 stem loop contains a
Dra I site in the middle of the loop region. The primers were designed by making use of
this site. Two individual fragments (5‟-134bp and 3‟-282 bp), flanking Dra I site were
PCR amplified with respective primers (168mut-5‟FP: 168mut-5‟RP and miR168mut-FP:
miR168mut-RP – Table 2.5). These two individual fragments were digested with
respective enzymes (5‟-134bp with Hind III-Dra I and 3‟-282bp with Dra I-EcoR I) and
ligated together to reconstitute the full length in pUC19 vector between Hind III and
EcoRI sites. After restriction digestion and sequence confirmation, the entire construct
(CaMV35s::3M-MIR168) terminator was cloned into the binary vector pCAMBIA-2300
between Kpn I and Xba I sites (Figure 2.5C). This binary vector was transformed into
Agrobacterium tumefaciens which was then used for transformation of Arabidopsis
thaliana ecotype C-24 plants. Seeds were collected from the transformed plants,
sterilized and selected on MS media with Kanamycin (50mg/L). A total of eight
independent transgenic lines, overexpressing 3M-miR168 were developed.

MicroRNA array of transgenic plants (CaMV35s::miR168 and CaMV35S::3MmiR168)
RNA was extracted using the modified Trizol (Invitrogen) method. About 100µg of total
RNA was extracted from the northern confirmed transgenic and wild type plants. Small
RNAs were extracted and membrane array was performed as described earlier in this
chapter. The membranes were exposed to PhosphorImager screen overnight and the
image was scanned with Typhoon 9400 (GE Healthcare) scanner and signals were
quantified using ImageQuant software (ImageQuant TL-GE Healthcare).

Northern blot analysis of selected miRNAs
After analyzing the array data we proceeded for Northern blot confirmation of the
selected miRNAs. 15% denaturing polyacrylamide gel (SequaGel-National Diagnostics)
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was prepared using 60ml SequaGel concentrate, 30 ml diluents, 10 ml buffer, 800 µl 10%
SDS and 40µl TEMED (N,N,N',N'-Tetra Methyl Ethylene Diamine). After pre-running
the gel (GIBCO-BRL Model V16 Vertical Gel Electrophoresis Apparatus) for 1 hour at a
constant 20W power, 25µg total RNA in the Formamide buffer was heat denatured and
loaded onto the gel. The gel electrophoresis apparatus was run for 1 hour 40 minutes at a
constant power of 20W. Later the gel electrophoresis apparatus was dismantled and the
gel was washed in the 0.5x TBE buffer and transferred on to a Nylon membrane
(Amersham/GE health care) using Bio-Rad Trans-Blot Semi-Dry Electrophoretic
Transfer Cell apparatus. The membrane was rinsed with 0.5x TBE and UV cross linked at
1200kj.
The membrane was pre-hybridized at 370C (VWR hybridization oven) for a minimum of
two hours in 5ml pre-hybridization buffer containing 50% formamide, 5x SSPE (pH 7.4),
5x Denhardt‟s reagent, 0.5% SDS and 160 mg/ml denatured Herring sperm DNA
(Herring sperm DNA was denatured at 950C for 5 minutes and added directly to the prehybridization solution in the hybridization bottles). Probes for the individual miRNAs
were labeled separately and added directly to the respective membranes in hybridization
solution. Overnight hybridized membranes were rinsed and washed three times, 20 min
each with membrane washing buffer (2x SSC and 0.1% SDS) at 37°C. The washed
membranes were exposed to PhosphorImager screen overnight.

The PhosphorImager screen was scanned using Typhoon 9400 (GE Healthcare) image
scanner and signals were quantified using ImageQuant software (ImageQuant TL-GE
Healthcare). The same membranes were stripped with stripping buffer (0.1x SSC and
0.5% SDS) three times and used for hybridization with 5‟ end labeled internal control
(U6). The quantified data of individual Northerns were normalized with respective U6
internal controls and made bar charts using MicroSoft Excel program.

Analysis of target gene expression by quantitative real-time PCR (QRT-PCR)
Total RNA was extracted from Arabidopsis plants grown in magenta boxes in the growth
chamber using Qiagen RNeasy Mini Kit (Cat. 74104). A total of 1µg of DNase treated
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RNA was used for RT reaction by using High-Capacity cDNA Archive Kit (P/N
4322171). Quantitative real-time-PCR was done using the Power SYBR Green PCR
Master Mix in “ABI-stepone” instrument. Arabidopsis actin2 was used as an internal
control. Primers for the target genes along with the internal control actin2 (see Table 2.5
for primer sequences) were designed using the Genscript real-time PCR primer design
program.

Overexpression of Argonaute1 (AGO1) protein
a. 4m-Ago1 with native promoter
Overexpression of miRNA target genes requires modification of the miRNA target region
on mRNA to avoid miRNA mediated post-transcriptional regulation. To overexpress
AGO1, we introduced four silent mutations in the miRNA target region of Ago1
(4mAgo1) genomic DNA (Figure 2.12B) and expressed with native promoter. The
4mAgo1 has five mismatches and two G:U pairs (Figure 2.12C) with miR168 which is
enough to escape from miRNA mediated cleavage (Vaucheret et al., 2006). Ago1
genomic DNA construct with two mutations was obtained from Dr.Voucheret and used to
create four silent mutations in the miR168 target region. The genomic DNA is 8.5 kb and
has a unique Kpn-I restriction site at 60 bp downstream of the miR168 target region
(Figure 2.12A). The 2.6 kb fragment (PacI-KpnI) containing the target region was subcloned in pUC19 vector to create silent mutations. Introduction of two mutations in the
miRNA target region created a unique SacI site. Making use of this site we created two
more mutations in the target region. The 2.6kb fragment was amplified with a reverse
primer containing the silent mutation (Ago1 5‟FP and Ago1 5‟RP see Table 2.5 for
sequence). The amplified fragment was digested with (PacI-Sac I) and cloned into the
pUC19 vector. The silent mutated 2.6 kb Ago1 fragment (PacI-Sac I) and the other
genomic fragment (5.9kb/SacI-Sal I) were cloned into the pCAMBIA-2300 binary vector.
After sequence confirmation the binary vector was transformed into Agrobacterium
(GV3850) and later into Arabidopsis by floral dip method.
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b. Construction of artificial target mimicry
Artificial target mimicry against miR168 was made to trap the miRNAs which in turn
leads to the non cleavage RISC in contrast to the natural cleavage RISC (Figure 2.13
A&B). Artificial target mimicry was constructed using the complementary sequence to
the mature miR168 with additional three nucleotides (CTA) at the cleavage site. Two
artificial target mimicry sites were created which are separated by 50 random nucleotides
(Figure 2.13C). Two 80 nucleotide long primers (TM168FP and TM168RP-for sequence
see Table 2.5) were used to construct the artificial target mimicry construct using
CaMV35s promoter and t35s terminator (Figure 2.13D). The entire construct was cloned
into pFGC5941 vector which in turn transformed into Agrobacterium tumefaciens and
used for the Arabidopsis transformation. The floral dip transformed Arabidopsis seeds
were germinated and selected by spraying with herbicide (Basta 120mg/L).
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Table 2.1 Plant Membrane Array (PMA) lay out.
Complimentary DNA oligos were spotted in the corresponding location for each miRNA.
miR:MicroRNA; ath:Arabidopsis thaliana; ptc:Populus tricrorpa; gma:Glycine max;
mtr:Medicago truncatula; osa: Oryza sativa; ppt: Physcomitrella patens; sof: Saccharum
officinarum; sbi:Sorghum bicolor and zma: Zea mays.

1

2

3

4

5

6

9

10

ptcmiR319i

osamiR396a mtrmiR399d athmiR414

osamiR437

ptcmiR474b ptcmiR481b osamiR810

B osamiR156k osamiR162b sofmiR168b osamiR171a athmiR390a osamiR396d ptcmiR399h osamiR415

osamiR438

C athmiR156h athmiR163

A athmiR156a osamiR162a athmiR168a mtrmiR171

7

8

11

12

ptcmiR474c ptcmiR482

osamiR811a

ptcmiR397b ptcmiR399l

athmiR415

osamiR439h ptcmiR474a osamiR528

osamiR812a

D ptcmiR156k athmiR164a ptcmiR169x zmamiR171c osamiR393b ptcmiR397c athmiR400

athmiR416

osamiR440

osamiR813

E sbimiR156e ptcmiR164f athmiR169a zmamiR171f athmiR394a athmiR397b athmiR401

osamiR416

osamiR441c ptcmiR475d osamiR530

osamiR814a

F athmiR157a sbimiR164c zmamiR169d osamiR171i athmiR395b athmiR398a athmiR402

athmiR417

osamiR442

ptcmiR475c osamiR531

osamiR815a

G athmiR158a osamiR164c osamiR169d osamiR171g ptcmiR395a osamiR398b athmiR403

osamiR417

osamiR443

ptcmiR476a osamiR535

osamiR816

H athmiR159a athmiR165a osamiR169n osamiR171h osamiR395t osamiR399a athmiR404

athmiR418

osamiR444

ptcmiR476c pptmiR533

osamiR817

I

osamiR169e osamiR171b athmiR391

sofmiR159e athmiR166a osamiR169q athmiR171c mtrmiR395a osamiR399h athmiR405a osamiR418

J ptcmiR159f osamiR166i ptcmiR169ab ptcmiR172i

ptcmiR475b osamiR529

osamiR445d ptcmiR477a pptmiR534

osamiR818a
osamiR819a

osamiR395c ptcmiR399d athmiR406

athmiR419

osamiR446

K ptcmiR159e osamiR166l osamiR169p ptcmiR172g mtrmiR395b athmiR399e athmiR407

osamiR419

athmiR447c ptcmiR478a pptmiR537a osamiR820a

L athmiR160a ptcmiR166p athmiR169g* athmiR172b* osamiR395a ptcmiR399k osamiR408

athmiR420

athmiR447b ptcmiR478m pptmiR538c osamiR821a

M osamiR160f athamiR167a ptcmiR169z athmiR173

osamiR395u ptcmiR399j sofmiR408e osamiR420

ptcmiR478e pptmiR536

ptcmiR472a ptcmiR479

osamiR806a MAC1

N ptcmiR160h ptcmiR167h ptcmiR169y osamiR319a osamiR395v osamiR399k osamiR413

athmiR426

ptcmiR472b ptcmiR480a osamiR807a MAC2

O ptcmiR160g osamiR168a ptcmiR169aa athmiR319a osamiR395w osamiR399j athmiR413

osamiR426

ptcmiR473b ptcmiR480b osamiR808

P athmiR161

osamiR435

ptcmiR473a ptcmiR481d osamiR809a MAC4

osamiR168b athmiR170

gmamiR319c ptcmiR396f zmamiR399b osamiR414
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Table 2.2 MicroRNA membrane array quantified data of stress treatments.
MicroRNAs under different abiotic stress conditions profiled using membrane array
along with a control. Data was normalized using the average of four membrane array
external controls. MicroRNAs with a minimum of two fold change in three of the
five abiotic stresses were selected.
ABA: Abscisic acid (100µM-3hrs); Dehydration stress (30% loss of fresh weight);
Salt stress: (NaCl-300mM-4hrs); Cold stress (40C-1hr) and Heat stress (450C-1hr).
S.No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

miRNA
Control
athmiR156a
1
athmiR157a
1
athmiR164a
1
ptcmiR164f
1
osamiR166l
1
ptcmiR166p
1
ptcmiR167h
1
athmiR168a
1
osamiR171b
1
zmamiR171c
1
zmamiR171f
1
athmiR171b
1
ptcmiR319i
1
athmiR390a
1
ptcmiR397b
1
athmiR398a
1
osamiR398b
1
osamiR399j
1
mtrmiR399d
1
ptcmiR399l
1
osamiR408
1
sofmiR408e
1

ABA
1.22
1.09
0.56
0.81
1.04
0.83
1.58
1.17
2.15
1.39
2.23
1.61
0.81
1.10
3.01
1.97
1.81
1.01
1.40
1.31
1.90
1.26

Dehydration
2.73
4.10
1.27
2.22
4.29
2.68
2.83
1.75
8.80
5.50
8.30
5.03
2.59
2.27
22.47
9.52
6.01
2.25
3.61
3.59
3.53
2.62
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Salt
5.77
2.87
5.02
5.19
2.68
2.65
2.90
6.31
7.81
6.70
7.55
3.97
6.15
5.44
10.75
5.75
4.46
3.02
8.29
8.46
4.10
3.57

Cold
6.90
4.20
7.85
9.00
2.75
2.46
2.41
5.68
11.37
9.83
10.82
4.85
9.29
7.21
14.82
9.84
8.26
2.07
13.07
11.76
3.90
2.90

Heat
2.95
1.59
3.74
3.08
1.93
1.92
2.06
2.28
2.69
3.66
2.71
2.00
4.18
3.16
4.76
3.56
3.42
1.50
3.52
3.88
1.57
1.50

Table 2.3 Membrane array data of miRNA array of Wild type, and
transgenic plants.
Data was normalized using the average of four membrane array external
controls. MicroRNAs with a minimum of two fold change were selected.
S. No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14

miRNA
athmiR157a
athmiR160a
osamiR160f
ptcmiR160h
athmiR163
athmiR164a
athmiR165a
athmiR166a
osamiR166l
athmiR167a
athmiR391
athmiR395b
athmiR398a
osamiR408

WT-C24
1
1
1
1
1
1
1
1
1
1
1
1
1
1

35s::MIR168
0.61
0.55
0.65
0.70
2.85
0.56
0.40
0.52
0.62
3.16
0.58
0.60
9.22
4.42

43

35s::3M-MIR168
0.46
0.26
0.43
0.30
1.29
0.37
0.18
0.32
0.39
1.16
0.40
2.22
3.84
2.92

Table 2.4 List of miRNAs, miRNA probe sequence and the miRNAs that are
expected to be detected.
MicroRNA probes that were printed on the membrane are listed in the left column.
Homologous miRNA that are expected to be detected by the same probe were listed
in the right column.
ath, Arabidopsis thaliana; gma, Glycine max; mtr, Medicago truncatula; osa, Oryza
sativa; ppt, Physcomitrella patens; ptc, Populus trichocarpa; sof, Saccharum
officinarum; sbi, Sorghum bicolor; zma, Zea mays; MAC, Membrane Array
Control.
S. No. miRNA probe
1
ath-miR156a

Detectable homologous miRNAs
ath-miR156a-g, osa-miR156a-j, l; zmamiR156a-i; sbi-miR156a-c; sofmiR156; gma-miR156a; ptc-miR156a-f;
ptt-miR156a
osa-miR156k; sbi-miR156d; mtrmiR156; gma-miR156b; zma-miR156j;
ath-miR156h

GTGCTCACTCTCTTCTGTCA

2

osa-miR156k
TGTGCTCTCTCTCTTCTGTCA

3

ath-miR156h
GTGCTCTCTTTCTTCTGTCAA

4

ptc-miR156k

ptc-miR156k

GTGCTCCCTCTCTTCTGTCA

5

zma156k (sbi-miR156e)

sbi-miR156e; zma-miR156k

GTGCTCGCTCTCTTCTGTCA

6

ath-miR157a

ath-miR157a-c; gma-miR156c-e; ptcmiR156g-j; ath-miR157d;
ath-miR158a,b;

GTGCTCTCTATCTTCTGTCAA

7

ath-miR158a
TGCTTTGTCTACATTTGGGA

8

ath-miR159a

ath-miR159a,b,c; gma-miR159; ptcmiR159a-c; osa-miR159a,b,c, d,e,f;
sbi-miR159; sof-miR159a,b,d; zmamiR159a,b,c,d;
sof-miR159e;

TAGAGCTCCCTTCAATCCAAA

9

sof-miR159e
AAGAGCTCCTTTCAATCCAAA

10

ptc-miR159f

ptc-miR159f

TCGAGCTCCCTTCACTCCAAT

11

ptc-miR159e

ptc-miR159e

AGGAGCTCCCTTCACCCCAAG

12

ath-miR160a

ath-miR160a-c; osa-miR160a-d, e; zmamiR160a-e,f; sbi-miR160a-e; mtrmiR160; gma-miR160; ptc-miR160a-d;
osa-miR160f; ptc-miR160e-f

TGGCATACAGGGAGCCAGGCA

13

osa-miR160f
TGGCATTCAGGGAGCCAGGCA

14

ptc-miR160h

ptc-miR160h;

TGGCATGCAGGGAGCCAGGCA

15

ptc-miR160g

ptc-miR160g

TGGCATCCAGGGAGCCAGGCA
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16

ath-miR161

ath-miR161

CCCCGATGTAGTCACTTTCAA

17

ath-miR162a

ath-miR162a-b; osa-miR162a; mtrmiR162; ptc-miR162a-c; zma-miR162
osa-miR162b

CTGGATGCAGAGGTTTATCGA

18

osa-miR162b
CTGGATGCAGAGGCTTATCGA

19

ath-miR163

ath-miR163

ATCGAAGTTCCAAGTCCTCTTCAA

20

ath-miR164a

ath-miR164a-b,c; osa-miR164a-b, d, e,f;
zma-miR164a-d; sbi-miR164; sbimiR164bptc-miR164a-e;
ptc-miR164f

TGCACGTGCCCTGCTTCTCCA

21

ptc-miR164f
AGCATGTGCCCTGCTTCTCCA

22

sbi-miR164c

sbi-miR164c

CTCACGTGTCCTGCTTCTCCA

23

osa-miR164c

osa-miR164c

TGCACGTACCCTGCTTCTCCA

24

ath-miR165a

ath-miR165a-b

GGGGGATGAAGCCTGGTCCGA

25a

ath-miR166a

ath-miR166a-g; osa-miR166ad,f,n,m,g-h; zma-miR166a,b-I,l-m; mtrmiR166; gma-miR166a-b; ptcmiR166a-m,n-o,q; sbi-miR166a-d,f
osa-miR166i-j

GGGGAATGAAGCCTGGTCCGA

25

osa-miR166i
GAGGAATGAAGCCTGATCCG

26

osa-miR166l

osa-miR166k-l; sbi-miR166e,g,j,k

AGGGATTGAAGCCTGGTCCGA

27

ptc-miR166p

ptc-miR166p

AAGGAATGGAGCCTGGTCCGA

28

ath-miR167a

ath-miR167a-b,d,c;osa-miR167a-c,d-j;
zma-miR167a-d, e-i; sbi-miR167a-b,cg; gma-miR167a-b; ptc-miR167a-d, eg; sof-miR167a-b;
ptc-miR167h

TAGATCATGCTGGCAGCTTCA

29

ptc-miR167h
CAGATCATGTTGGCAGCTTCA

30

osa-miR168a

osa-miR168a; sbi-miR168; sofmiR168a; zma-miR168a-b;
osa-miR168b

GTCCCGATCTGCACCAAGCGA

31

osa-miR168b
TTCCCGAGCTGCACCAAGCCT

32

ath-miR168a

ath-miR168a-b; gma-miR168; ptcmiR168a-b
sof-miR168b

TTCCCGACCTGCACCAAGCGA

33

sof-miR168b
GTCCCGATCTGCCCAAGCGA

34

osa-miR169e

osa-miR169e, b-c, h-m,a,f-g; athmiR169b-c, h-n,a,d-g; sbi-miR169a-h;
gma-miR169; zma-miR169c, i-k,; ptcmiR169d-h,i-m; mtr-miR169a-b
Table 2.4 (continued).

CCGGCAAGTCATCCTTGGCTA
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35

ptc-miR169x

ptc-miR169x

CGAGCAAGTCATCCTTGGCTA

37a

ath-miR169a

ath-miR169a, b-c,h-n; osa-miR169a,bc,d-e,f-g,h-m; zma-miR169a-b,c,f-h,I-k;
sbimiR169a, b,c-d,e-h; mtr-miR169a-b;
ptc-miR169a-c,d-h,s,n,r,v,w,I-p; gmamiR169
zma-miR169d-e

TCGGCAAGTCATCCTTGGCTG

37

zma-miR169d
CATAGGCAGTCTCCTTGGCTA

38

osa-miR169d

osa-miR169d

CCGGCAATTCATCCTTGGCTA

39

osa-miR169n

osa-miR169n,o; sbi-miR169i; ptcmiR169t
osa-miR169q

TAGGCAAGTCATTCTTGGCTA

40

ath-miR169q
CATGGGCAGTCTCCTTGGCTA

41

ptc-miR169ab

ptc-miR169ab-af,u,q

TGGGCAAGTCGTCCTTGGCTA

42

osa-miR169p

osa-miR169p

CCGGCAAGTTTGTCCTTGGCTA

43

ath-miR169g*

ath-miR169g*

AGCCAAGGTCAACTTGCCGGA

45

ptc-miR169z

ptc-miR169z

CCGGCAAATCATTCTTGGCTG

46

ptc-miR169y

ptc-miR169y

CAGGCAATTCATCCATGGCTA

47

ptc-miR169aa

ptc-miR169aa

CCGACAAGTCATTCTTGGCTC

48

ath-miR170

ath-miR170

GATATTGACACGGCTCAATCA

49

mtr-miR171

mtr-miR171

GATATTGGCACGACTCAATCA

50

ath-miR171a

ath-miR171a; osa-miR171a; ptcmiR171c-d,k,j;zma-miR171a
osa-miR171b-f; sbi-miR171a-b,d; zmamiR171d-e,I-j; ptc-miR171e-i
zma-miR171c

GATATTGGCGCGGCTCAATCA

51a

osa-miR171b
GATATTGGCACGGCTCAATCA

51

zma-miR171c
GATATTGGCACGGCTCAGTCA

52

zma-miR171f

zma-miR171f; ath-miR171b-c; ptcmiR171a-b; zma-miR171b;
osa-miR171i

TGTGATATTGGCACGGCTCAA

54

osa-miR171i
GATATTGACGCGGCTCAATCC

55

osa-miR171g

osa-miR171g; sbi-miR171c; zmamiR171g
osa-miR171h; sbi-miR171e,f; zmamiR171h,k
ath-miR171b-c; ptc-miR171a-b; zmamiR171b,f
Table 2.4 (continued).

GATATTGGCTCGGCTCACCTC

56

osa-miR171h
AGTGATATTGGTTCGGCTCAC

57

ath-miR171b
CGTGATATTGGCACGGCTCAA

46

58

ptc-miR172i

ptc-miR172i

TTGCAGCATCATCAGGATTCT

59

ptc-miR172g

ptc-miR172g-h, d-e,a-c,f; ath-miR172cd,e,a-b; osa-miR172b,a,c,d; zmamiR172e,a-d; sbi-miR172b,e,a,d; gmamiR172a-b
ath-miR172b*

CTGCAGCATCATCAAGATTCC

60

ath-miR172b*
GTGAATCTTAATGGTGCTGC

61

ath-miR173

ath-miR173

GTGATTTCTCTCTGCAAGCGAA

62

osa-miR319a

osa-miR319a-b; sbi-miR319; zmamiR319a-d;
ath-miR319a-b,c; ppt-miR319a-d; mtrmiR319; gma-miR319a-b; ptc-iR319a-h
gma-miR319c

GGGAGCACCCTTCAGTCCAA

63

ath-miR319a
GGGAGCTCCCTTCAGTCCAA

64

gma-miR319c
AGGAGCTCCTTTCAGTCCAA

65

ptc-miR319i

ptc-miR319i

GGGAGCTCCCTTCAGCCCAA

66

ath-miR390a

ath-miR390a-b; osa-miR390; ptcmiR390a-d; ppt-miR390a-c
ath-miR391

GGCGCTATCCCTCCTGAGCTT

67

ath-miR391
TGGCGCTATCTCTCCTGCGAA

68

osa-miR393b

osa-miR393b, osa-miR393; zmamiR393; ath-miR393a-b; sbi-miR393;
mtr-miR393; ptc-miR393a-d
ath-miR394a-b; osa-miR394; sbimiR394a-b; zma-miR394a-b; ptcmiR394a-b
ath-miR395b-c,f

AGATCAATGCGATCCCTTTGGA

69

ath-miR394a
GGAGGTGGACAGAATGCCAA

70

ath-miR395b
GAGTCCCCCCAAACACTTCAG

72

ptc-miR395a

ptc-miR395a

GAGTTCCTCCAAACCCTTCAG

73

osa-miR395t

osa-miR395t

GAGTTTCCCCAAACACTTCAC

74

mtr-miR395a

mtr-miR395a,c-f,i-j,k-o,g-h; sbimiR395f, a-e; ath-miR395a,d,e; osamiR395b,d-e,g-l,s,m-n,p-r; zmamiR395a-b; ptc-miR395b-j
osa-miR395c,o; zma-miR395c;

GAGTTCCCCCAAACACTTCAT

75

osa-miR395c
GAGTTCCTCCAAACACTTCAC

76

mtr-miR395b

mtr-miR395b

GAGTTCCCCCAAATACTTCAC

77

osa-miR395a

osa-miR395a

GAGTTCCCCCAAGCACTTCAC

78

osa-miR395u

osa-miR395u

GATTTCCCCCAAACGCTTCAC

78a

osa-miR395v

osa-miR395v

GAGTTCCGCCAAATACTTCAC
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78b

osa-miR395w

osa-miR395w

GAGAATCCCCCAAACACTTCAC

79

ptc-miR396f

ptc-miR396f,g

CAGTTCAAGAAAGCCGTGGAA

80

ath-miR396a

ath-miR396a,b; osa-miR396a-c; sbi
miR396a-c; sof-miR396; gmamiR396a,b; zma-miR396a-b; ptcmiR396a-e;
osa-miR396d-e

CAGTTCAAGAAAGCTGTGGAA

81

osa-miR396d
CAGTTCAAGAAAGCCTGTGGA

82

ptc-miR397b

ptc-miR397b,a; ath-miR397a; osamiR397a,b
ptc-miR397c

CATCAACGCTGCACTCAATGG

83

ptc-miR397c
CATCAAAGCTCCACTCAATGA

84

ath-miR397b

ath-miR397b

CATCAACGATGCACTCAATGA

85

ath-miR398a

ath-miR398a, b-c; osa-miR398a; gmamiR398a-b; ptc-miR398a;
osa-miR398b; ptc-miR398b-c;

AAGGGGTGACCTGAGAACACA

86

osa-miR398b
CAGGGGCGACCTGAGAACACA

87

osa-miR399a

osa-miR399a-c; sbi-miR399a,c,h; zmamiR399a,c; ptc-miR399f-g
osa-miR399h

CAGGGCAATTCTCCTTTGGCA

88

osa-miR399h
CTGGGCAAGTCTCCTTTGGCA

88a

ptc-miR399d

ptc-miR399d-e

CGGGGCAAATCTTCTTTGGCA

90

ath-miR399e

ath-miR399e

CGAGGCAAATCTCCTTTGGCA

91

ptc-miR399k

ptc-miR399k

GTGAGCAAATCTCCTTTGGCA

92

ptc-miR399j

ptc-miR399j

CCGGACAAATCTCCTTTGGCA

93

osa-miR399k

osa-miR399k; sbi-miR399g; zmamiR399f
osa-miR399j,d; ptc-miR399i,l; athmiR399b-c; sbi-miR399d,i; zmamiR399e
zma-miR399b

CGGGGCAAATTTCCTTTGGCA

94

osa-miR399j
TAGGGCAACTCTCCTTTGGCA

95

zma-miR399b
CAGGACAGCTCTCCTTTGGCA

96

mtr-miR399d

mtr-miR399d; osa-miR399i; sbimiR399b; mtr-miR399b; zma-miR399d
ptc-miR399h

TAGGGCAGCTCTCCTTTGGCA

97

ptc-miR399h
CAGGGAAACTCTCCTTTGGCA

98

ptc-miR399l

ptc-miR399l, i; ath-miR399b-c; osamiR399d,j; sbi-miR399d,j,i; zma
miR399e;
ath-miR400

GAGGGCAACTCTCCTTTGGCG

99

ath-miR400
GTGACTTATAATACTCTCATA
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100

ath-miR401

ath-miR401

TGTCGGTCGACACCAGTTTCG

101

ath-miR402

ath-miR402

CAGAGGTTTAATAGGCCTCGAA

102

ath-miR403

ath-miR403; ptc-miR403a-c

CGAGTTTGTGCGTGAATCTAA

103

ath-miR404

ath-miR404

GCTGCCGCAACCGCCAGCGTTAAT

104

ath-miR405a

ath-miR405a-b,d

AGTTATGGGTTAGACCCAACTCAT

105

ath-miR406

ath-miR406

CTGGATTACAATAGCATTCTA

106

ath-miR407

ath-miR407

ACCAAAAGTATATGATTTAAA

107

osa-miR408

osa-miR408; sof-miR408a-d; zmamiR408; ath-miR408; ptc-miR408
sof-miR408e

GCCAGGGAAGAGGCAGTGCAG

108

sof-miR408e
GCCAGGGAAGAGTCAGTGCAG

109

osa-miR413

osa-miR413

GTGCAGAACAAGTGAAACTAG

110

ath-miR413

ath-miR413

GTGCAGAACAAGAGAAACTAT

111

osa-miR414

osa-miR414

GGACGATGATGATGAGGATGA

112

ath-miR414

ath-miR414

TGACGATGATGATGAAGATGA

113

osa-miR415

osa-miR415

CTGCTCTGCTTCTGTTCTGTT

114

ath-miR415

ath-miR415

ATGTTCTGTTTCTGCTCTGTT

115

ath-miR416

ath-miR416

TGAACAGTGTACGTACGAACC

116

osa-miR416

osa-miR416

TGAACAGTGTACGGACGAACA

117

ath-miR417

ath-miR417

TCGAACAAATTCACTACCTTC

118

osa-miR417

osa-miR417

TGGAACAAATTCACTACATTC

119

ath-miR418

ath-miR418

GGTCAGTTCATCATCACATTA

120

osa-miR418

osa-miR418

CGTCATTTCATCATCACATTA

121

ath-miR419

ath-miR419

CAACATCCTCAGCATTCATAA

122

osa-miR419

osa-miR419

CAACATCGTCAGCATTCATCA

123

ath-miR420

ath-miR420

TGCATTTCCGTGATTAGTTTA
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124

osa-miR420

osa-miR420

ATCATTTCCGTGATTAATTTA

125

ath-miR426

ath-miR426

CGTAAGGACAAATTTCCAAAA

126

osa-miR426

osa-miR426

CGTAAGGACAAACTTCCAAAA

127

osa-miR435

osa-miR435

TCAACTCCAATACCGGATAA

128

osa-miR437

osa-miR437

AAGTCAAACTTCTCTAACTTT

129

osa-miR438

osa-miR438

TTTCACTATAACGCGTGGGAA

130

osa-miR439h

osa-miR439a-j

TCGAACAACCGCGGTTCGACA

131

osa-miR440

osa-miR440

TTGTCCCGATCATCAGGAGACACT

132

osa-miR441c

osa-miR441a-c

TTTCCCACATTTATATTGATGG
TA

133

osa-miR442

osa-miR442

ATTCGTCTCGCAATTTACACGTCA

134

osa-miR443

osa-miR443

TCCAGATTTATTGTATTGTGAT

135

osa-miR444

osa-miR444

GCAGCAAGCTTGAGGCAGCAA

136

osa-miR445d

osa-miR445a-i

ATCGGATGTTTATACACTAATTTA

137

osa-miR446

osa-miR446

CCATTTCCCATATTCATATTGATG

138

ath-miR447c

ath-miR447c

CAACAAAAGATGTCGTCCCCAA

139

ath-miR447b

ath-miR447a-b

CAACAAAACATCTCGTCCCCAA

140

ptc-miR472a

ptc-miR472a

GGGATGGGTGGAGTAGGGAAAA

141

ptc-miR472b

ptc-miR472b

GGGATGGGTGGAGTTGGGAAAA

142

ptc-miR473b

ptc-miR473b

TGGAAGCCCTGAGGGAGAGC

143

ptc-miR473a

ptc-miR473a

TGGAAGCCTTGAGGGAGAGT

144

ptc-miR474b

ptc-miR474b

CCCAGCCAAACCCAACAACTTTTG

145

ptc-miR474c

ptc-miR474c

CCCAGCCAAACCCAACAGCTTTTG

146

ptc-miR474a

ptc-miR474a

CCCAGCCAAACCCAGCAACTTTTG

147

ptc-miR475b

ptc-miR475a-b

CTTAATCAATGGGCACTGTAA
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148

ptc-miR475d

ptc-miR475d

CTTAATCAATGGACTCTGTAA

149

ptc-miR475c

ptc-miR475c

CTTAATCAATGGACATTGTAA

150

ptc-miR476a

ptc-miR476a

CTTTGCAAAGAAGGATTACTA

151

ptc-miR476c

ptc-miR476b-c

TTTTGCAAAGAAGAATTACTA

152

ptc-miR477a

ptc-miR477a-b

TTGGAAGCCTCTGAGGGAGAT

153

ptc-miR478e

ptc-miR478e

TCCCTAAAAATAGAAGACTCGTCA

154

ptc-miR478a

ptc-miR478a-c,d

TCCCTAAAAATAGAAGACACGTC
A

155

ptc-miR478m

ptc-miR478h-s,u

TCCCTAAAAATAGGAGACACGTT
A

156

ptc-miR479

ptc-miR479

GATGAGCCGGACCAATATCACA

157

ptcmiR480a

ptc-miR480a

GTTCAACGTCAATGATGTAGTAGT

158

ptc-miR480b

ptc-miR480b

GTTCAACATCAATGATGTAGTAGT

159

ptc-miR481d

ptc-miR481d,e

GCTTAAGCTGTTAGGTGAGGTCTT

160

ptc-miR481b

ptc-miR481a-c

GCTTAAGCTGTTAAGTGAGGTCCT

161

ptc-miR482

ptc-miR482

GGAATGGGAGGAGTAGG

162

osamiR528

osa-miR528

CTCCTCTGCATGCCCCTTCCA

163

osa-miR529

osa-miR529

GAAGAAGAGAGAGGGTACAG

164

osa-miR530

osa-miR530

GTTGCATCTGCCTCTGCACCT

165

osa-miR531

osa-miR531

ATGGCGGCACGCAGCCCCGGCGA
G

166

osa-miR535

osa-miR535; ppt-miR535a-d

GCGTGCTCTCTCTCGTTGTCA

167

ppt-miR533

ppt-miR533

CCCTCACAGCCTGGCCAGCTC

168

ppt-miR534

ppt-miR534

GTATGCAACTGCAATGGACATA

169

ppt-miR536

ppt-miR536

GTTGCACACAGCTTGGCACGAA

170

ppt-miR537a

ppt-miR537a-b

TAGCCTGTAGAAACACCTCAA
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171

ppt-miR538c

ppt-miR538a-c

TCCAGACATAGACTCCATGCAA

172

osa-miR806a

osa-miR806a-h

CACCGTTGACTTTTTAGCACAT

173

osa-miR807a

osa-miR807a-c

GGATTCACCTGTGAGATGACG

174

osa-miR808

osa-miR808

TTCTTACATTTCCCACATTCAT

175

osa-miR809a

osa-miR809a-h

ATTCTAACATTTCTCACATTCA

176

osa-miR810

osa-miR810

CCACATGTGGTGGGCTTATGA

177

osa-miR811a

osa-miR811a-c

ACGTCCATTTCTCGATCTAACGGT

178

osa-miR812a

osa-miR812a-e

GTCCAACGTTTAACCGTCCGTC

179

osa-miR813

osa-miR813

GGTAAAACCCATTCCATAACCC

180

osa-miR814a

osa-miR814a-c

AGATTCGTTGTACTATGAAGTG

181

osa-miR815a

osa-miR815a-c

CCCAATCTCCTCAATCCCCTT

182

osa-miR816

osa-miR816

GTTGTAGTAAAATATGTCAC

183

osa-miR817

osa-miR817

TCAATCGGGCCTCAAGTTGGA

184

osa-miR818a

osa-miR818a-e

CCGTCCCATAATATAAGGGAT

185

osa-miR819a

osa-miR819a-k

GCTAGAAAGTCTTATAACCTGA

186

osa-miR820a

osa-miR820a-c

CCTGGTCCATCCACGAGGCCG

187

osa-miR821a

osa-miR821a-c

MAC1
MAC2
MAC3
MAC4

ATTCAACTTTTTTGTTGATGACTT
ATGGACCCGTCTACAGAGGCA
ATCCGGGGCTGCCGGCTTCGA
AGCTAGTCCTGGAACCCGGCA
ATCTCCCCAAGAAAGCCGGCA

UGCCUCUGUAGACGGGUCCAU
UCGAAGCCGGCAGCCCCGGAU
UGCCGGGUUCCAGGACUAGCU
UGCCGGCAGCCCCGGAGGCUU
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Table 2.5 Sequence of primers used in various experiments
Ago1:Argonaute1; AtAgo1: Arabdopsis Ago1; CSD: Cu/Zn Super Oxide Dismutase;
TM168: Target Mimicry; FP (For): Forward Prmer; RP (Rev): Reverse Prmer.
No.
1

Name
168mut-5‟FP

2

168mut-5‟RP

3

miR168mut-FP

4

miR168mut-RP

5
6
7
8
9
10
11
12
13
14
15

Ago1 5‟FP
Ago1 5‟RP
AtAgo1-real-For
AtAgo1-real-Rev
CSD1QP-FP
CSD1QP-RP
CSD2-QPCR-FP
CSD2-QPCR-RP
AtActin2-real-For
AtActin2-real-Rev
TM168-FP

16

TM168-RP

Sequence of the primer (5’-3’ direction)
GTGAGCGAATTCCTCTCTTCTCTTTCTTCATATCCC
TGTCTAAAGGGATT
TATATTTTAAAAGTCACGAGGCTGTGTCAGCCGAA
TTGGTTCCCGAGCTGCATCAAGCTAATCCGAGCCC
GTGACTTTTAAACCTTTATTGGTTTGTGAGCAGGG
ATTGGATCCCGCGTTGCATCAACTTAATCGGATCC
CGAACAAGCTTATTCAACATTTGGGCAAACAAAA
GGAGAC
GTCAGCCATGGGAGTTATCTCGTTTGTTCG
TAGCCTGATGGAGCTCCGGTACTGATTGTC
CAAATTGCTGAGCCAGAACAGT
CTTCTGGACCACCGCAGAGA
CCTGAGGATGCTAATCGACA
GTGATTGTGAAGGTGGCAGT
ACACGGAGCTCCAGAAGATG
TGAACCACAAAGGCTCTTCC
CCAGTGGTCGTACAACCGGTAT
ACCCTCGTAGATTGGCACAGT
GCCATTTAAATCTCTGTGTCCTAGTACCAGTATTC
CCGACCTGCTACACCAAGCGACAACGAATTCGGT
ACGCTGAAATC
GCCATTTAAATCAGACACAGGATGATGGTGATTC
GCTTGGTGTAGCAGGTCGGGAAGATTAAGCTTGG
GCTGTCCTCTCC
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Figure 2.1 Membrane array of control and abiotic stress treated tobacco plants.
Total RNA was extracted from the stress treated and control plants. 100 µg of total
RNA was used for each array. The extracted small RNA was 5‟ end labeled and
probed against the spotted antisense DNA oligos on the membrane.
A. Control B. Abscisic acid stress 100µM-3hrs C. Dehydration stress-30% loss of
fresh weight D. Salt stress (300mM-4hrs) E. Cold stress (40C-1hr) F. Heat stress
(450C-1hr).
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Figure 2.2 Quantified data of miRNA profiling under different abiotic stress
conditions in tobacco.
Stress treated and control membrane array quantified data was normalized using
external control and filtered for stress responsive miRNAs. MicroRNAs that are
induced by two folds in at least three of the five abiotic treatments were considered as
stress inducible.
miR:MicroRNA; ath:Arabidopsis thaliana; ptc:Populus tricrorpa; mtr:Medicago
truncatula; osa: Oryza sativa; sof: Saccharum officinarum and zma: Zea mays.
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Figure 2.3 Northern blot analyses of tobacco stress responsive miRNAs.
Stress responsive miRNAs from the array data were selected for northern blot
analyses. 25µg of total RNA was used for the miRNA northern blots for control
and stress treated tobacco leaves. Since tobacco miRNA sequence is not
available the probes for northern were used based on the detectable spots on the
array. Though the Northern is from Tobacco RNA the miRNAs are named based
on the detectable sequence from ath (Arabidopsis thaliana) and osa (Oryzae
sativa).
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A. Binary vector containing the miR168 expression cassette

B. Homology of miR168 with its target mRNA

C. Stem loop structure of Arabidopsis miRNA168
Figure 2.4 Construction of CaMV35s::MIR168 expression cassettes in binary
vector pCAMBIA-2300.
A. Expression cassette for miR168 with 2xCaMV35s promoter and t35s terminator.
B. Homology of the miR168 with the target AGO1 mRNA which has two mismatches
and one non-Watson base pair (G-U). C. Stem-loop structure of the native miR168a
with 416 nucleotides. Black letters represent endogenous nucleotides and red letters are
mature micro-RNA sequences.
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A. Stem loop structure of Arabidopsis 3M-MIR168

B. Homology of 3M-miR168 with the target Argonaute1 mRNA

C. Binary vector for 3M-miR168 expression cassette
Figure 2.5 Construction of CaMV35s::3M-MIR168 expression cassettes in
binary vector pCAMBIA-2300.
A. The mature miRNA region has been mutated (3M-miR168) to have a perfect
complementarity with the target Argonaute1 mRNA. Blue letters are mutated
nucleotides. B. 3M-miR168 and its complementarity with the target AGO1 mRNA.
C. Expression cassette for mutated miR168 (3M-miR168) driven by 2xCaMV35s
promoter and t35s terminator.
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A.
miR163
miR398

miR408

B.
miR163
miR398

miR408

C.
miR163
miR398

miR408

Figure 2.6 MicroRNA membrane arrays of the wild type, miR168 and 3MmiR168 over expressed plants.
A. Array of wild type (C24) control plant. B. Array of 35s::MIR168 plant.
Enhanced expression of miR168 can be seen on the membrane. C. Array of
35s::3M-MIR168 plant. The miR168 probe on the membrane can‟t detect the 3MmiR168 hence the signal for miR168 is only from the endogenous miR168.
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Figure 2.7 Bar chart comparing the miRNA array quantified data of wild type,
35s::MIR168 and 35s::3M-MIR168.
100 μg of total RNA was used for the extraction of miRNA array. Signals were
quantified using ImageQuant software. MicroRNAs showing a minimum of two fold
change in transgenics compared to wild type were selected and made into bar chart.
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Figure 2.8 Northern blot analyses of differentially expressed miRNAs in wild type
and transgenic plants.
20μg of total RNA was extracted and used for the Northern blot analyses. A. Northern
confirmation of miR168 over expression. In wild type and 35s::3M-MIR168 plants the
signal is from the endogenous miR168 expression. B. Detection of 3M-miR168
expression in 35s::3M-MIR168. C, D, E and F. Northern blot confirmation of
miR163, miR167, miR398 and miR408 in the transgenic plants compared to wild type
plants.
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A.

B.

Figure 2.9 Analysis of miR168 and its target gene (Argonaute1)
expression.
30 µg of total RNA was extracted from wild type and transgenic plants and
used for Northern blot analysis. A. Northern blot using the probe against
athmiR168. All the transgenic plants showed an increase in miR168
expression. B. Quantitative real-time PCR showed down regulation of
Argonaute1 mRNA (target of miR168) in transgenics compared to wild type
plants.
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A.

B.

C.

Figure 2.10 Analysis of miR398 and its target genes (CSD1 and CSD2)
expression.
A. 30 µg of total RNA was extracted from wild type and transgenic plants and used
for Northern blot using the probe against athmiR398. B. & C. Quantitative real-time
PCR showed down regulation of the miR398 target genes mRNA (Cu/Zn superoxide
dismutases).
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Figure 2.11A Bio-assay: Metal oxidative stress susceptibility assay (15DAT).
Ten days old seedlings were transferred on to the media containing different concentrations
of the CuCl2 (0, 10, 25, 50, 100 and 150 µm). A. Photographs taken 15 days after transfer.
DAT: Days after transfer; WT-C24: Wild type plants; MIR168: miR168 over expressing
plants; 3M168: 3M-miR168 over expressing plants.
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Figure 2.11B Bio assay: Metal oxidative stress susceptibility assay (30DAT).
Ten days old seedlings were transferred on to the media containing different concentrations
of the CuCl2 (0, 10, 25, 50, 100 and 150 µm). Photographs were taken 30 days after
transfer. DAT: Days after transfer; WT-C24: Wild type plants; MIR168: miR168 over
expressing plants; 3M168: 3M-miR168 over expressing plants.

A.

B.

C.

Figure 2.12 Silent mutation of miR168 target region on genomic DNA of
Argonaute1 to over express in Arabidopsis.
A. Four silent mutations in the miR168 target region were introduced in the exon of the
Argonaute1 genomic DNA. Entire construct was cloned into the binary vector
pCAMBIA2300 (Figure not drawn to scale). B. The genomic DNA sequence of wild
type (WtAgo1) and silent mutated Argonaute1 (4mAgo1). C. Reduced homology of the
4M Ago1 mRNA with the miR168 as a result of silent mutations. Red letters in 4M
Ago1 are silent mutated nucleotides.
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A.

B.

C.

D.

Figure 2.13 Target mimicry to over express the miR168 target gene
(Argonaute1).
A. MicroRNA regulates the target gene by binding to the target and cleaving
the transcript. B. In target mimicry the three nucleotide bulge prevents the
cleavage of the target transcript. Here the miRNAs are trapped hence the target
is up regulated. C. Design of artificial target mimicry transcript. The two 24 nts
target mimicry sites are separated by 50 random nucleotides to facilitate the
binding of two non cleaving RISCs. D. Artificial target mimicry 168 (TM168)
construct with CaMV35s promoter and t35s terminator.
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A.

B.

Figure 2.14 Model for the relation of miR168 and abiotic stress.
A. MicroRNA168 regulated abiotic stress responsive microRNA net work. Over
expression of miR168 resulted in the enhanced expression of stress responsive
miRNAs. B. Model relating the miR168 and plant abiotic stress through miR398.
Reactive oxygen species is produced as a result of many biotic and abiotic stresses.
SOD and Catalase enzymes convert the ROS into water and oxygen molecule in a
sequential reaction.
ROS=Reactive Oxygen Species; SOD Super Oxide Dismutase; H2O2=Hydrogen
Peroxide; Ago1: Argonaute1; ARF: Auxin Response Factor.

Copyright © Venugopal Mendu 2008
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CHAPTER III
MicroRNA atlas of tomato (Solanum lycopersicum L.) plant organs and fruit
development
Introduction
MicroRNAs (miRNAs) are recognized as key players in plant growth, development
(Jones-Rhoades et al., 2006; Willmann & Poethig, 2007) and maintenance of organ
identity (Ori et al., 2007). These miRNAs regulate plant development by sequencespecific recognition and subsequent cleavage of their target gene transcripts (Bartel &
Bartel, 2003; Jones-Rhoades et al., 2006). Most of the developmental-related miRNAs
target the genes that encode transcription factors, which in turn regulate many other genes
(Bartel & Bartel, 2003; Jones-Rhoades et al., 2006).
At least eight miRNA families have been implicated in control of plant development
and/or intersected with plant hormone signaling. These are miR156, miR160, miR164,
miR165/166, miR167, miR171, miR172, and miR319/JAW (Jones-Rhoades et al., 2006;
Wang et al., 2007). For example, miR165/166 regulates HD-ZIP transcription factors
(e.g. PHB, PHV and REV) which control leaf development, polarity (Tang et al., 2003;
Juarez et al., 2004; Mallory et al., 2004b; Williams et al., 2005) and vascular
development (Kim et al., 2005). MicroRNA164 plays extensive roles in various
developmental processes such as development of leaves (Nikovics et al., 2006), shoots,
roots (Laufs et al., 2004; Mallory et al., 2004a; Guo et al., 2005), flowers (Baker et al.,
2005), and hormone signaling (Guo et al., 2005). Interestingly, some miRNA families are
conserved in their sequence but have divergent functions in plant development. For
example, miR159 plays a role in flower development and hormone signaling by targeting
MYB transcription factors (Achard et al., 2004). Nevertheless, its closely related
miR319/JAW is involved in leaf development by targeting the TCP transcription factors
(Palatnik et al., 2003; Ori et al., 2007; Palatnik et al., 2007).
In plants flowering represents a major phase transition from vegetative to reproductive
developmental transition. At least two miRNAs, miR156 and miR172 regulate this phase
transition (Chuck et al., 2007). In Arabidopsis the developmental transition from
juvenile-to-adult phase is characterized by decreased levels of miR156 and enhanced
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levels of SPL3 transcripts (Wu & Poethig, 2006). MicroRNA156 targets members of
SBP-box transcription factors that are involved in developmental timing (Wu & Poethig,
2006). The Arabidopsis plants expressing miRNA resistant forms of SPL3/4 and SPL5
showed an early flowering where as constitutive expression of miR156 in Arabidopsis
prolonged the vegetative phase and delayed flowering (Wu & Poethig, 2006). This
phenomenon of extended juvenile phenotype was also noticed in maize Corngrass1, a
dominant mutant, which has enhanced expression of miR156 (Chuck et al., 2007).
Interestingly miR156 and miR172 have antagonistic effect indicating a potential role of
these miRNAs in the developmental transition (Chuck et al., 2007). MicroRNA172
controls flower identity by targeting AP2-like transcription factors including AP2, TOE1,
TOE2, and TOE3 (Aukerman & Sakai, 2003; Chen, 2004; Lauter et al., 2005; Mlotshwa
et al., 2006). Plant hormone signaling plays important roles in the plant growth and
development. MicroRNAs are also involved in hormone signaling by targeting the
hormone related genes such as auxin response factors. At least five miRNAs, miR159,
miR160, miR164, miR167 and miR390 are involved in hormone responses (Achard et al.,
2004; Guo et al., 2005; Schwab et al., 2005; Ru et al., 2006; Wu et al., 2006).
Recently, novel miRNAs have been identified from tomato leaf and fruits suggesting
potentially important roles of miRNAs in tomato plant and fruit development (Zhang et
al., Pilcher et al., 2007; Itaya et al., 2008; Moxon et al., 2008; Yin et al., 2008). Extensive
research is going on to find the microRNAs from different plants and plant organs. Here
we attempted to develop a comprehensive miRNA atlas for the tomato organs and fruit
developmental stages based on the identified miRNA sequences from various plant
species. The objective is to provide a valuable resource and guidance for research on
roles of miRNAs in tomato organs and fruit development. This frame work of tomato
miRNA atlas not only serves as an important tool for studying the gene regulation by
miRNAs in tomato but also serve as a model for other important crop species. Distinct
types of miRNAs have been revealed potentially to control the tomato fruit development.
Targets of certain representative miRNAs have been analyzed for potential regulations by
miRNAs. Thus, a tomato miRNA atlas with guiding information for the study of miRNA
functions in tomato development has been established.
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RESULTS
MicroRNA Atlas for different tomato organs
Although the expression of specific miRNAs has been studied individually in some plant
tissues/organs, it has not been systematically determined yet what are those important
miRNA cohorts differentially expressed in different organs during the plant development.
To draft a useful miRNA atlas for different plant organs, we chose economically
important crop tomato and dissected the roots, stems, cotyledons, true compound leaves,
flowers and fruits of different development stages. About 100 µg of total RNA has been
isolated from each organ and used for the isolation of small RNAs of 15-28 nucleotides
(nt) for miRNA array analysis. The miRNA expression levels were quantified (Table 3.1)
using ImageQuant software (GE Healthcare). The results showed that most of the
detectable miRNAs from different tomato organs were the early cloned miRNAs.
MicroRNAs spotted after miR408 were barely detectable hence manually deleted from
the data. This correlates with the published finding that most earlier identified miRNAs
regulate genes encoding transcription factors which are important for plant development.
While most recently identified miRNAs were generally species-specific or stress
responsive miRNAs.
There is a wide variation in the numbers, types and levels of miRNA expression among
different organs (Figure 3.1). Based on the array data, tomato true compound leaf has the
highest and flower has the lowest number of detectable miRNAs in the present study.
Other organs have variable number of detectable miRNAs. The wide variation among
different organs indicates the complexity of the organ development and differentiation /
identity. Among miRNAs that were detected in different tomato organs, some of them are
ubiquitous and highly abundant while others are either unique and/or less abundant.
These ubiquitous miRNAs are: athmiR159a, athmiR160a, osamiR160f, ptcmiR160h,
athmiR164a,

ptcmiR164f,

sbimiR164c,

osamiR164c,

athmiR165a,

athmiR166a,

osamiR166l, ptcmiR166p, athmiR167a, athmiR168a, osamiR168a, osamiR171a,
athmiR390a, osamiR398b, and osamiR408. The prefix name of each miRNA represents
the plant species from which it was cloned (ath-Arabidopsis thaliana, osa-Oryza sativa,
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ptc-Populus trichocorpa etc.). But all the above miRNAs are from the tomato plant that
are detected by these probes hence described only by the miRNA name here onwards.
There are around eight detectable miRNAs that are differentially expressed between root
and stem. There is a large variation in the expression of common miRNAs between root
and stem, and interestingly the stress responsive miRNAs, miR398b and miR408 were
highly expressed in stem compared to root (Figures 3.1 A and B). There are about twelve
detectable miRNAs that are differentially expressed between cotyledon and true leaf
(Figures 3.1 C and D). However, the expression levels of some of the common miRNAs
were significantly different between the two types of leaves. It is likely that the
quantitative level of multiple miRNAs and their pairwise ratios might be important in
determining leaf morphology if these miRNAs have any coordinated functions in leaf
development.
There is a very clear difference in both the numbers and levels of detectable miRNA
expression between the vegetative and reproductive organs (Figures 3.1). Some miRNAs
were expressed mainly in vegetative organs but are not expressed in reproductive organs.
For example, miR156/157 family were expressed in root, stem, cotyledon, and true leaf
but were undetectable in flower and ripened fruit (Figures 3.1E and F), indicating a
potential role in determining the developmental transition.
Relative expression of miRNAs within the individual organ based on miRNA array
Since the membrane array represents bona fide levels of all the miRNAs from an
individual organ at a time, we compared the expression of a few important miRNA levels
based on the quantified array data. The relative expression levels of these miRNAs in
different organs were better demonstrated by individual organ miRNA array data (Figure
3.2). The predominant miRNAs in root were miR159a, miR160a, miR164a, miR165a,
miR167a, and miR168a indicating that these miRNAs are important in controlling root
development and maintenance of root identity. Other miRNAs miR156a, miR157a,
miR171b, miR319a, miR390a and miR398b are relatively less abundant (Figure 3.2A).
MicroRNAs 168a and 159a are the predominant miRNA in stem while majority of
miRNAs have moderate levels of expression (e.g. miR156a, miR159a, miR160a,
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miR164a, miR165a, miR319a, and miR398b). Relatively miR156a, miR157a, miR167b,
miR171b, miR390a and miR395a are expressed at lower levels (Figure 3.2B).
Cotyledons are specialized embryonic derived first leaves of a seedling, have relatively
four abundant miRNAs (e.g. miR159a, miR167a, miR168a, and miR398b) compared to
the other miRNAs in the present study. The true compound leaves have a very high levels
of miR167b compared to the all other miRNAs and the closest one, miR159a is relatively
five times lower than miR167b (Figure 3.2D). The reproductive organ flower has very
interesting pattern of miRNA expression (Figure 3.2E). The transactive siRNA (tasiRNA)
gene (TAS3) targeting miR390a is the most abundant miRNA followed by miR164a and
miR168a. MicroRNA 160a, 165a and 167b are less abundant while other miRNAs are
either expressed or barely detectable (Figure 3.1E and 3.2E).
Northern blot analysis of the important miRNAs in different tomato plant organs
MicroRNA atlas serves as an important resource for miRNA functional genomics. The
miRNA membrane array data provided the relative expression of different miRNAs
within the individual organs. However the relative expression of individual miRNAs
among different organs will be highly useful to understand how individual miRNAs play
roles in different organs. Northern blot analysis was performed to compare the relative
expression of miRNA among different organs which also validates the membrane array
data. Based on the array data 12 differentially expressed miRNAs have been selected for
Northern blot analysis (Figure 3.3). MicroRNA156a which targets mRNAs of Squamosapromoter Binding Protein (SBP) box genes (Schwab et al., 2005; Wu & Poethig, 2006)
showed a similar expression pattern in different organs (Figure 3.3A). It is highly
expressed in true leaves followed by cotyledons, stem and root and almost undetectable
in the reproductive organ flower.
MicroRNA159a which targets mRNAs coding for MYB transcription factor proteins
(Rhoades et al., 2002; Xie et al., 2005) is highly expressed in true compound leaves,
uniformly expressed in root, stem and cotyledons but showed reduced levels in flower
(Figure 3.3B). A very high levels of expression of miR160a, which targets Auxin
Response Factors (ARF10, ARF16 and ARF17) (Rhoades et al., 2002; Wang et al., 2005;
Hardtke, 2006), was detected in root followed by stem, true leaves, flower and cotyledons
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(Figure 3.3C). MicroRNA164a targets mRNAs coding for NAC domain containing
transcription factors such as NAC1, CUC1 and CUC2 (Rhoades et al., 2002; Xie et al.,
2005). MicroRNA164a showed highest level of expression in flower, intermediate levels
in stem and lowest in cotyledons, root and true leaves (Figure 3.3D). The HD-ZIP
transcription factor targeting miRNA, miR165a didn‟t show a wide variation (Figure
3.3E) among different organs (Mallory et al., 2004b).
Another miRNA targeting Auxin response factors (ARF6 and ARF8), miR167a
(Rhoades et al., 2002; Xie et al., 2005) has very high levels of expression in true leaves
followed by cotyledons, root, flower and barely detectable in stem (Figure 3.3F). Another
important miRNA, miR168 which regulates Argonaute1 protein (Reinhart et al., 2002;
Vaucheret et al., 2004), a key component of RISC is abundant in all five organs (Figure
3.3 G). MicroRNA171a which targets SCARECROW-like proteins (Reinhart et al., 2002;
Rhoades et al., 2002; Xie et al., 2005) showed a very high level of expression in true
leaves and moderate expression levels in other organs (Figure 3.3H). A TCP family of
transcription factor targeting miRNA (Palatnik et al., 2003), miR319a was found to be
highly expressed in stem followed by true leaves and a relatively lower levels in root,
cotyledons and flower (Figure 3.3I).
A unique pattern of expression was found with miR390a which targets TAS3 gene (Adai
et al., 2005; Xie et al., 2005). It is expressed at a very high level (~10 times) in flower
compared to the other organs (Figure 3.3J) which indicates its importance in
developmental timing. MicroRNA395a is involved in sulfate metabolism by targeting
mRNAs of ATP sulfurylase (APS) proteins (Jones-Rhoades & Bartel, 2004; Adai et al.,
2005), is highly expressed in true leaves followed by a moderate expression in stem. It is
undetectable in root and barely detectable in cotyledons and flower (Figure 3.3K)
however the biological meaning for the differential expression in different organs is not
known. The stress responsive miRNA (Sunkar & Zhu, 2004), miR398b, which regulates
two Cu/Zn superoxide dismutases (Sunkar et al., 2006), is expressed at very low levels in
root and flower, moderate levels in stem and true leaves and highest in cotyledons
(Figure 3.3L).
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MicroRNA Atlas for different stages of tomato fruit development
The fruit development and maturation has been the most studied aspect of the crop plant
tomato. Tomato fruit development and ripening is very important due to its scientific and
commercial importance. Tomato fruit undergoes several important developmental phases
that include cell division, cell expansion, maturation and ripening (Gillaspy et al., 1993).
To draft miRNA atlas for such a complicated process, we collected the tomato fruits of
six typical developmental stages, immature green (IG), expanding fruit (EF), mature
green (MG), breaker (BR), orange (OR), and red ripe (RR) (Figure 3.4).
Membrane array results of different tomato fruit stages showed that most of the
detectable miRNAs are early cloned miRNAs similar to that of different plant organs.
Compared to miRNA expression in different organs (Figure 3.1), fewer detectable
miRNAs are involved in tomato fruit development and the numbers are further reduced
towards the maturation (Figure 3.4). The initial two stages immature green and expanding
fruit have higher detectable miRNAs compared to the later four stages (mature green;
breaker; orange and red ripe). Immature green fruit undergoes active cell division and
expansion and showed the highest number of the detectable miRNAs. After reaching the
mature green stage, the number of detectable miRNAs dropped to about half of those in
the immature fruit stage (Figure 3.4).
Relative expression of miRNAs during fruit development based on miRNA
membrane array
The relative expression of miRNAs provides the information on the predominant miRNA
species at different fruit developmental stages. Though the fruit is a single organ, it
showed variation in the abundance of a specific miRNA species during different
developmental stages (Table 3.2 & Figure 3.5). MicroRNA166a is the predominant
species in the immature green fruit while miR165a and miR168a are the second most
abundant miRNA species followed by miR167, miR159, miR164, miR399, miR160 and
miR398 (Figure 3.5A). The second stage of fruit development (expanding fruit) also has
the miR166 as the predominant species followed by miR159 and miR168 (Figure 3.5B).
MicroRNA164, miR165 and miR167 are moderately abundant and miR160, miR398 and
miR399 are relatively less abundant in expanding fruit (Figure 3.5B).
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The most abundant species of miRNA in mature green fruit is miR164 followed by
miR166 and miR168 where as the other miRNAs (miR159, miR160, miR165, miR167,
miR398 and miR399) are relatively less abundant (Figure 3.5C). The miR164 is the most
abundant miRNA species in breaker stage followed by miR168 and miR166 with
relatively very low levels of other miRNAs (Figure 3.5D). Fifth stage of tomato fruit,
Orange stage showed a highest level of expression of miR164 followed by miR166,
168,165 and 159 where as miR160, miR167, miR398 and miR399d are expressed at
relatively low levels (Figure 3.5E). The most abundant miRNA species in the final stage
of tomato fruit development is miR164 followed by miR159, miR165, miR166 and
miR168 with moderate expression levels and miR160, miR167, miR398 and miR399d
have low expression levels (Figure 3.5F). In conclusion, it is interesting to observe a
change in predominant miRNA species (miR166a during IG and EF; miR164a during
MG, Br, OR and RR) as the fruit progresses from early developmental stage towards the
maturation.
Northern validation of the important miRNAs in fruit development
The global expression pattern of the miRNAs was revealed by membrane arrays of
different fruit stages. To further confirm the expression of these miRNAs during the fruit
development, we selected 9 important miRNAs for Northern blot analysis (Figure 3.6).
MYB transcription factor gene targeting miRNA, miR159 (Rhoades et al., 2002; Xie et
al., 2005) was highly expressed in mature green, breaker, orange and red ripe fruit stages
(Figure 3.6A) compared to the initial two stages (immature green and expanding fruit).
MicroRNA160 which targets ARF10, ARF16 and ARF17 (Rhoades et al., 2002; Wang et
al., 2005; Hardtke, 2006) is highly expressed in immature green and expanding fruit
stages and later down regulated towards the maturation (Figure 3.6B). MicroRNA164
which targets mRNAs of NAC domain transcription factors (Rhoades et al., 2002; Xie et
al., 2005) is expressed at low levels during immature green, expanding and mature green
stages. However miR164 is strongly induced at the breaker stage and shows a reduced
expression in the orange and red ripe stage (Figure 3.6C). Among the detectable
miRNAs, only miR164 showed an upregulation in the later stages of fruit development
compared to the earlier stages of fruit development.
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MicroRNA 165a/166a differ by a single nucleotide at the 17th position from the 5‟ end,
targets HD-Zip transcription factors including Phabulosa (PHB), Phavoluta (PHV) and
Revoluta (REV) (Rhoades et al., 2002; Xie et al., 2005) have similar expression pattern.
Initial three stages of fruit development have higher level of miR165a/166a expression
while the later three stages have decreased levels (Figure 3.6 D&E). An interesting
pattern was noticed in the expression of miR167a which targets ARF6 and ARF8
(Rhoades et al., 2002; Xie et al., 2005). It is highly expressed in the immature green fruit
and gradually decreased towards the fruit maturation and almost undetectable in the
orange and red ripe stages (Figure 3.6F). MicroRNA168 which regulates Argonaute1
protein (Vaucheret et al., 2004) is abundantly expressed in all six stages of the fruit
development. However, the levels were decreased towards the maturation (Figure 3.6G).
The stress responsive miRNA, miR398 which regulates Cu/Zn superoxide dismutases
(Sunkar et al., 2006) showed two peaks of high expression at expanding and red ripe fruit
stages (Figure 3.6H). The immature green fruit has moderate level of miR398 expression
and reached the highest level of expression at the expanding fruit stage. A dramatic
decrease in the miR398 expression at the mature green stage was observed followed by
an upregulation at breaker and orange stages before reaching another peak at the final red
ripe stage (Figure 3.6H). MicroRNA399, an important miRNA which regulates
transcripts encoding a ubiquitin-conjugating E2 enzyme (Chiou, 2007) showed a gradual
decrease towards maturation. Immature green stage has the highest level of miR399
expression followed by a gradual decrease in expression towards the maturation (Figure
3.6I) indicating an important role in the fruit development and/or ripening.
In conclusion, it is interesting to observe changes in three categories of predominant
miRNA species as the fruit progresses from early developmental stage towards
maturation: early stage associated miRNAs (miR160h, miR167a and miR399d); late
stage associated miRNA (miR164a); and specific stage-associated (fruit expansion and
red ripe stages) oxidation-related miRNA (miR398b). This observation suggests
important coordinated regulatory roles of these three types of miRNAs in fruit
development and maturation.
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Analysis of miRNA target genes during fruit development
To understand how miRNAs regulate their target genes during fruit development, we
examined the expression of four target genes miR164, miR165, miR167 and miR398
during fruit development. The mRNA of NAC (NAM-ATAF1,2-CUC2) domain
containing transcription factor gene, NAC1 is targeted by miR164 (Rhoades et al., 2002;
Xie et al., 2005). Quantitative real-time PCR analysis of NAC1 in different stages of
tomato fruit has shown a dramatic change in the expression during the fruit development
(Figure 3.7A). However, NAC1 mRNA expression didn‟t show a negative correlation
with the miRNA expression as expected if miR164 is the major post-transcriptional
regulator of the NAC1 expression (Figures 3.6C & 3.7A). PHV (Phavoluta) 1 and PHV 2
are targets of miR165/166 (Rhoades et al., 2002; Xie et al., 2005) were found to be down
regulated after the first stage of tomato fruit development (Figure 3.7 B&C). Immature
green has the highest levels of PHV1 and PHV2 which were down regulated in the later
stages of fruit development. (Figure 3.7 B&C). These two mRNAs showed an expression
pattern similar to miR165/166 (Figure 3.6 D&E and 3.7 B&C) indicating a transcriptional
co-regulation of the target genes.
MicroRNA167 targets Auxin Response Factor (ARF) 6 and 8 in Arabidopsis (Rhoades et
al., 2002; Xie et al., 2005). Here we analyzed tomato ARF8 expression during different
stages of fruit development. Relatively ARF8 transcripts were maintained almost at equal
levels (Figure 3.7D) throughout the tomato fruit development however, miR167a is
drastically reduced towards the maturation and almost undetectable after breaker stage
(Figure 3.6F). The oxidative responsive miRNA, miR398 targets two superoxide
dismutase (SOD) mRNAs (Sunkar & Zhu, 2004; Sunkar et al., 2006), has shown valleys
and peaks in its expression (Figure 3.6H). The SOD1/CSD2 levels were gradually
upregulated from the IG stage through orange stage and reduced to almost half in the RR
stage. The miR398 and its target gene expression exhibited a negative correlation which
indicates the complete post transcriptional regulation similar to the Arabidopsis system
where the SODs are under post-transcriptional regulation of miR398 (Sunkar et al.,
2006).
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DISCUSSION
Tomato plant development, especially fruit development and maturation offers a unique
model system to study gene regulation. MicroRNAs, recently discovered regulators of
post-transcriptional gene expression are involved in plant growth, development and
survival. Increasing evidence indicates that the developmental related genes, especially a
number of transcription factor genes, are regulated by miRNAs. The first step to
understand the roles of miRNAs in tomato is to establish a microRNA atlas to determine
the important miRNAs that are expressed in individual organs and different stages of
tomato fruit development. We systematically dissected major tomato organs and fruits of
different developmental stages, and mapped the currently known miRNAs in detail. A
framework for the miRNA atlas of major tomato organs and fruit development has been
established. The reliability of the miRNA atlas was validated by extensive Northern blot
analysis of important miRNAs. Analysis of tomato miRNA atlas also revealed a number
of candidate miRNAs that are important in tomato organ identity and fruit development.
The outcomes and application of miRNA atlas are discussed here.

A comprehensive miRNA atlas of tomato reveals roles of multiple miRNAs in
tomato organ identity and fruit development
The development related miRNAs are probably the most abundant and well-conserved
population of miRNAs among the identified miRNAs in tomato. Most of the studies on
miRNAs in different plant species are based on the small RNA cloning and
characterization. Similarly a few new small RNAs were recently cloned from mature
green tomato fruit (Pilcher et al., 2007; Moxon et al., 2008). However the expression
pattern of the miRNAs in different organs and fruit development has not been
investigated. The highly conserved nature of the identified miRNAs across the plant
kingdom allowed us to draw a miRNA atlas for tomato organs and fruit development.
Using the information of currently available miRNAs from the published miRBase
(Griffiths-Jones, 2006; Griffiths-Jones et al., 2006), we mapped the miRNAs of different
tomato organs and fruits developmental stages, and established a framework of tomato
miRNA atlas that will serve as a useful guide to study the roles of miRNAs in tomato
development.

79

Predominance of a particular miRNA species in different organs and fruit stages: Biological
significance

MicroRNAs are involved in plant growth and development either by targeting the
transcription factor genes or by targeting the genes that are involved in hormone
signaling pathways. At least eight miRNAs (miR156, miR160, miR164, miR165/166,
miR167, miR171, miR172, and miR319/JAW) were previously reported to play
important roles in plant development and plant hormone signaling (Wang et al., 2007).
All these miRNAs were clearly detectable in tomato root, stem, leaf and flower as well as
in different fruit stages with variable expression patterns (Figure 3.1 and 3.4). MicroRNA
array of different organs and fruit developmental stages revealed the expression pattern of
different miRNAs. There is a clear difference in the predominance of a single or group of
miRNAs in different organs and during different developmental stages indicating the
importance of miRNAs in the organ identity and fruit development (Figures 3.3, 3.4, 3.5
and 3.6). As most miRNAs target transcription factors, it is possible that single and/or
pair wise ratio might determine the organ identity and developmental progression. In
maize it was reported that enhanced expression of miR156 has an antagonistic effect on
the miR172 (Chuck et al., 2007) which supports the idea of coordinated functions of
certain miRNAs in plant development.
It is interesting to note that each individual organ has its own predominant miRNA and
also has its own ratio of other miRNAs indicating the importance of relative expression
of different miRNAs. Particularly tomato root has four abundant miRNAs (miR159,
miR160, miR167 and miR168) whereas in true leaves only miR167 is highly abundant,
nearly five times higher than the next abundant miRNA (Figure 3.2 A and D). Quite
contrasting to the vegetative organs, the reproductive organ flower has highest levels of
miR390, which might be important Auxin response in flower. For example miRNAs
involved in auxin response (miR160, miR167 and miR390) are highly variable among
different organs (Figure 3.3). Likewise it is possible that other miRNAs have coordinated
functions in the organ identity and in over all plant development.
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The relative expression pattern of miRNAs during the fruit development also revealed the
importance of a particular miRNA species in organ identity and development. The first
two stages of fruit development (IG and EF) has a high abundance of miR166 however,
after reaching mature green stage, the miR164 became the most abundant species and
continued to be the most abundant species till the red ripe stage (Figure 3.5). Apart from
these two miRNAs (miR164 and miR166) the relative levels of other miRNAs (miR159,
miR160, miR165, miR167, miR168, miR398 and miR399) also showed variation during
the fruit development (Figure 3.5) indicating the fact that the fruit development is highly
coordinated and tightly controlled process.
Compare and contrast: MicroRNA expression among different organs and fruit
developmental stages
Northern blot analysis of important miRNAs was performed to compare the individual
miRNA expression in different organs and among different developmental stages of
tomato fruit. The expression pattern of selected miRNA Northerns blots are in agreement
with the miRNA array data indicating the validity of the membrane array.
MicroRNA156/157 target Squamosa Promoter binding Protein-Like (SPBL) transcripts,
which are involved in developmental timing (Wu & Poethig, 2006). In Arabidopsis, the
developmental transition from juvenile-to-adult stage is characterized by decreased
levels of miR156 and enhanced levels of its target gene, SPL3 transcripts (Wu & Poethig,
2006). This phenomenon of extended juvenile phenotype was also noticed in maize
Corngrass1 a dominant mutant, which has enhanced expression of miR156 (Chuck et al.,
2007). In the present study, miR156/157 is expressed in all the vegetative organs (root,
stem, cotyledon and true compound leaves) and barely detectable in the reproductive
organ flower, indicating the importance of the miRNAs in the developmental transition of
tomato plant (Figure 3.3A).
Membrane arrays of tomato fruit development showed that this miR156/157 is detectable
only in the first two stages (IG and EF) and undetectable in the later four stages (Figure
3.4). The tomato Colorless non-ripening (CNR) is an SBPL transcription factor family
member which is targeted by the miR156/157. The Cnr mutants inhibit the normal fruit
ripening and shows colorless fruit phenotype that lacks cell-to-cell adhesion (Manning et
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al., 2006) which indicated the first, indirect evidence on role of miRNA in the fruit
ripening. The paper reported that the LeSPL-CNR is expressed at low levels in the initial
stages of fruit development followed by a sharp upregulation at the breaker stage.
Interestingly, the miR156/157 is expressed in the initial two stages and disappeared at the
MG stage (Figure 3.4) showing a negative correlation with the LeSPL-CNR expression
indicating a possible miRNA mediated regulation of the target gene in tomato fruit.
The miR159 family members were predicted as well as validated to target MYB family
gene transcripts involved in floral organ development (Reinhart et al., 2002; Rhoades et
al., 2002; Tsuji et al., 2006). MYB proteins are known to bind to the promoter regions of
a number of genes including the floral meristem identity gene LEAFY (Rhoades et al.,
2002; Achard et al., 2004). MicroRNA159 is highly expressed in true compound leaves
and moderate levels in root, stem and cotyledon leaves with lowest expression in flower
(Figure 3.3B) indicating its importance in different organs. Since the double mutants for
miR159a/159b in Arabidopsis have curly leaf phenotype (Allen et al., 2007) and current
study shows a very high level of expression of miR159 in true compound leaves, hence it
might be possible that miR159 might be involved in leaf shape development /
maintenance. This miRNA is abundantly expressed in all the fruit stages (Figure 3.6A)
indicating an important role of this miRNA throughout the fruit development / ripening.
MicroRNA160 which targets ARF10, 16 and 17 has very important roles in the auxin
mediated growth and development (Rhoades et al., 2002; Wang et al., 2005; Hardtke,
2006). Expression of miR160 resistant ARF17 resulted in the altered accumulation of
auxin responsive genes which led to severe developmental changes such as leaf shape
defects, premature inflorescence, altered phyllotaxy, decreased petal size, sterile and
abnormal stamens, and defects in root growth (Mallory et al., 2005). MicroRNA160 is
also involved in the root cap formation by controlling the root cap cell differentiation
(Wang et al., 2005). Interestingly, tomato root has the highest expression of miR160
followed by stem, true leaves, flower and cotyledon leaves (Figure 3.3C). This miRNA
(miR160) is less abundant in different stages of fruit development however, relatively,
the first two stages (IG and EF) have higher levels compared to the later four (MG, Br,
Or and RR) stages (Figure 3.3 & 3.6B). Though the exact role of miR160 in fruit
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development / ripening is not investigated based on its role in auxin mediated responses it
might be involved in mediating the hormonal response.
The Arabidopsis miR164 negatively regulates genes that encode NAC domain containing
transcription factors such as CUC1 and CUC2, which are necessary for the formation of
boundaries between meristems and emerging organ primordia (Aida et al., 1999; Takada
et al., 2001; Heisler et al., 2005; Sieber et al., 2007). In CUC1/CUC2 double-mutant
seedlings of Arabidopsis the two cotyledons fail to separate and the seedling meristem
gets arrested (Aida et al., 1999). Conversely enhanced expression of CUC1 and CUC2
(expressing miRNA cleavage-resistant versions) in Arabidopsis has revealed that miR164
mediated regulation is necessary for proper formation and separation of adjacent organs
(Mallory et al., 2004a; Baker et al., 2005). Also the plants expressing miR164 resistant
CUC1 and CUC2 showed abnormal vegetative growth including prevention of lateral
root initiation (Laufs et al., 2004; Mallory et al., 2004a; Guo et al., 2005; Nikovics et al.,
2006). Tomato organs have shown wide variation in the expression of miR164 (Figure
3.3D and Figure 3.6C). Flower has the highest expression of miR164 among different
organs which indicates that miR164 might be involved in the formation and separation of
adjacent floral organs. Cotyledon leaves have the lowest expression while stem, root and
true leaves have moderate levels of miR164 (Figure 3.3C).
MicroRNA164 is the only miRNA that showed a clear upregulation during fruit
development and maturation indicating its potential role in the fruit development and / or
maturation (Figure 3.6C). Various studies revealed the role of miR164 in plant growth
and development however, its role in the tomato fruit development is not known. It is
interesting to note that this miRNA is most abundant in flower and expressed at relatively
low levels in early fruit development before reaching relatively high levels in final red
ripe fruit (Figure 3.6C). We analyzed the expression of miR164 target, NAC1 in tomato
fruits using quantitative real-time PCR (Figure 3.7A). The NAC1 levels are low in the
first three stages and increased to a high level during the breaker stage and decreased
towards the fruit maturation in contrast to an expected negative correlation with the
miRNA levels which might be due to a combination of both transcriptional and posttranscriptional regulation. This is not surprising as it was reported that the miR159 which
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targets MYB33 did not show a negative correlation (Achard et al., 2004) and also
miR171 showed a positive correlation with its target mRNAs (SCL6-III and SCL6-IV)
(Llave et al., 2002) indicating the possible transcriptional regulation or miRNA mediated
translational repression (Aukerman & Sakai, 2003; Chen, 2004; Brodersen et al., 2008).
Apparently, the high levels of miR164 played a role in maintaining low levels of NAC1
during late stages of fruit maturation. Absence of miR164, might release the control on
NAC1 which leads to the enhanced expression of NAC1. NAC1 was known to transduce
auxin signaling in control of lateral root development and other organ specification
(Mallory et al., 2004a; Guo et al., 2005) however, the role of NAC1 in fruit development
is not known. Nevertheless, auxin is known to play a role in induction of ethylene
production (Burg & Burg, 1966). Coincidently, an upregulation of both NAC1 and two
hormones (ethylene and auxin) at color breaker stage of tomato fruit has been reported
(Gillaspy et al., 1993; Giovannoni, 2004). Our results show a sharp increase in miR164
and NAC1 (Figures 3.6C and 3.7A) at breaker stage suggesting a possible role of miR164
and its target genes in auxin and ethylene signaling during tomato fruit maturation.
The miR165/166 targets class III HD-ZIP transcription factors such as PHB, PHV and
REV which are involved in leaf development, leaf polarity (Tang et al., 2003; Juarez et
al., 2004; Mallory et al., 2004b; Williams et al., 2005) and vascular development (Kim et
al., 2005). It was also reported that miR165/166 is involved in HD-ZIPIII mediated
apical and vascular meristem indeterminancy (McHale & Koning, 2004). This
miR165/166 didn‟t show dramatic difference among organs indicating its important role
in different organs (Figure 3.3E). However, in fruit, the relative expression levels of
miR165/166 is reduced in the later three stages of fruit development compared to earlier
three stages (Figures 3.6 D&E) indicating its possible role in fruit ripening. Considering
that the miR165/166 is highly expressed during the initial three stages, we expected a
negative correlation with the miRNA. However, the Q-PCR data of the target genes
(PHV1 and PHV2) also showed a high expression in the initial stages and reduced
expression in the latter four stages which indicates that these targets are not completely
under post-transcriptional regulation by miR165/166.
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MicroRNA167 is highly expressed in true leaves followed by cotyledons, flowers and
roots and undetectable in stem (Figures 3.3F). This miRNA showed a gradual decrease in
the expression levels during fruit development which is detectable in first three stages
(IG, EF and MG) of fruit development however, undetectable in the last three stages (Br,
Or and RR). MicroRNA167 negatively regulates ARF6 and ARF8 and is important in
controlling the proper expression of these genes in Arabidopsis especially in maintaining
the fertility of both ovules and anthers (Wu et al., 2006). Overexpression of miR167
resulted in the longer hypocotyl, sterile and smaller flowers compared to wild type plants
(Ru et al., 2006). It was reported that the miR167 overexpressed plants mimicked the
ARF6 ARF8 double mutants (targets of miR167) in Arabidopsis (Wu et al., 2006).
Particularly this miR67 role in fruit development seems to be very important due to the
fact that the expression levels are gradually reduced and becomes undetectable as the
fruit proceeds towards the maturation / ripening stage. Though the exact role of the
miR167 in different tomato organs and fruit development is not known, the wide
variation in the expression pattern indicates a greater role of this miRNA in fruit
development. The ectopic expression of Arabidopsis ARF8 in tomato resulted in the
increased number of parthenocarpic fruits and increased fruit size (Goetz et al., 2007). In
the present study fruit arrays (Figure 3.4) and northern blot analysis (Figure 3.6) showed
a steady decrease in the miR167 which becomes undetectable after the breaker stage.
From the miR167 expression we expected an opposite trend in the target gene expression.
However, our QPCR results did not show a great variation in the tomato ARF8 levels
(Figure 3.7D). Though ARF8 did not show a negative correlation with miR167 it is quite
possible that the miR167 might be involved in the maintenance of steady state levels of
the ARF8.
The miRNA168 regulate the expression of Arabidopsis AGO1, which is essential for
overall miRNA mediated cleavage functions in plants. We found MicroRNA168 was
highly abundant in different organs and in all stages of fruit development (Figures 3.3
and 3.6) indicating a very important role of miR168 in the overall plant development.
Among tomato organs, the level of expression is high in true leaves followed by
cotyledons, root, stem and flower. In Arabidopsis the AGO1 is also involved in
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controlling leaf development (Bohmert et al., 1998). MicroRNA171 is highly expressed
in the true leaves and relatively (~5 times) lower levels in flower, stem, cotyledons and
roots (Figure 3.3H). The miR171 targets a family of putative transcription factor genes
known as scarecrow-like (scl) proteins, which are involved in radial patterning of roots
and hormone signaling (Llave et al., 2002; Reinhart et al., 2002). In Arabidopsis and
N.benthamiana relatively high levels of miR171 was detected in the inflorescence and
flowers compared to stem and leaf (Llave et al., 2002). In contrast the tomato true
compound leaves have higher levels of miR171 when compared to its levels in flowers.
The functional studies of miR319 in tomato revealed that this miRNA is involved in the
leaf margin differentiation (Ori et al., 2007). MicroRNA319 is abundantly expressed in
stem, true leaves and expressed at moderate levels in flowers, roots and cotyledons.
However its functional role in other organs is not known. Interestingly, miR319 and
miR159 are closely related miRNAs by sequence, but are functionally divergent in
targeting distinct families of transcription factors (Palatnik et al., 2003; Achard et al.,
2004; Palatnik et al., 2007). The functional divergence of miR159 and miR319 is
reflected in their expression pattern in different organs of tomato (Figure 3.3 B&I)
particularly in stem and true leaves. In Arabidopsis the miR390 regulates the target genes
indirectly through the production of tasiRNAs (transacting siRNAs) from the AtTAS3
locus (Axtell et al., 2006). These TAS3 derived tasiRNAs negatively regulate ARF3 and
ARF4, which are necessary for the proper leaf development, leaf polarity and
developmental timing (Adenot et al., 2006; Fahlgren et al., 2006; Garcia et al., 2006).
Tomato miR390 expression pattern (Figure 3.3J) showed a dramatic difference between
vegetative organs (root, stem, cotyledon and true leaves) and reproductive organ (flower).
The large variation in the expression pattern between the vegetative and reproductive
organs indicates a greater role of this miRNA in developmental timing.
The sulphate starvation induced miR395 has a differential expression pattern in different
organs (Figure 3.3K). It is highly abundant in the true leaves and moderately expressed in
stem and barely detectable in flowers and almost undetectable in root and cotyledons.
MicroRNA395 targets two genes, ATP sulfurylases and AST68 (sulphate transporter)
involved in the sulphur metabolic pathway (Jones-Rhoades & Bartel, 2004; Phillips et al.,
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2007). Since the levels of miR395 depends on the availability of sulphur (Phillips et al.,
2007) the low or undetectable levels of miR395 in roots can be attributed to the sufficient
levels of sulphur in the growth medium. However, the reasons for the low levels in
cotyledons and flowers and high expression in stem and true leaves are not known.
Another stress responsive miRNA, miR398 has interesting expression pattern in different
organs and different developmental stages of fruit (Figure 3.3L). It is expressed at very
low levels in root and flower and shows very high expression in stem, cotyledons and
true compound leaves. Interestingly, the expression levels are variable during the fruit
development. It showed a clear up regulation in dual peaks at expanding and red ripe fruit
stages and showed down regulation at immature green, mature green, breaker and orange
stages (Figure 3.6H). MicroRNA398 was reported to target two Cu/Zn superoxide
dismutase (SOD) genes in Arabidopsis which are involved in oxidative stress (Sunkar et
al., 2006). In this study both the Cu/Zn-SOD gene transcripts have showed a negative
correlation with miR398 expression levels (Figure 3.7 E&F) that is in agreement with the
published data (Jimenez et al., 2002). Together this data suggests that miR398 plays a
very important role in control of fruit oxidation during tomato fruit development and
ripening. Several studies showed a corresponding increase in SOD activity during
tomato, cucumber and pepper fruit ripening (Rabinowitch & Sklan, 1981; Andrews et al.,
2004). While other reports showed highest SOD activity during the green stage of tomato
and early stages of Amelanchier and Rubus fruits (Rabinowitch et al., 1982; Rogiers et
al., 1998; Wang & Jiao, 2001). The variation in the SOD levels in different studies might
be due to the growth conditions and type of tissue examined (Andrews et al., 2004).
Phosphate (Pi) is a major limiting factor for cell division (Sano et al., 1999). Early tomato
fruit development involves robust cell division and cell expansion (Bertin, 2005), which
may need extensive Pi translocation from the source to the sink. It is known that upregulation of miR399 results in the downregulation of UBC24 mRNAs encoding a
ubiquitin-conjugating E2 enzyme (Chiou, 2007). Plants constitutively overexpressing
miR399 or mutants that are defective in UBC24 exhibit Pi toxicity due to enhanced Pi
uptake, translocation or retention in specific organs/tissues (Fujii et al., 2005; Aung et al.,
2006; Bari et al., 2006; Chiou et al., 2006). Thus, miR399 mediated regulation of UBC24
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expression is critical in Pi homeostasis in plants. Some organs/tissues such as developed
roots or leaves appear toxic to accumulated Pi, while others such as meristems or early
fruits may need robust Pi translocation to these tissues. This hypothesis was reinforced by
the observation that miR399 was relatively up regulated during immature green (IG) and
expanding fruit (EF) stages (Figure 3.6I). The expression of miR399 was sharply down
regulated at the mature green stage and almost disappeared after fruit breaker stage.
New players in fruit development: miRNAs and fruit development
Tomato fruit development and ripening is a complex process involving several metabolic
and hormonal changes. With the discovery of miRNAs and their roles in regulating the
hormones and other cellular processes it is possible that the miRNAs also have roles in
tomato fruit development and ripening. Based on the miRNA atlas and Northern blot
analysis, we proposed a tentative model for roles of miRNAs in tomato fruit development
(Figure 3.8). In this model, the miRNAs that are expressed during fruit development are
tentatively divided into three groups according to their expression patterns and functions:
cell division / growth promoting miRNAs, cell maturation / aging promoting miRNAs
and miRNA regulating the cellular oxidation. In addition to roles of individual miRNAs
in tomato fruit development, it might require coordinated functions of multiple miRNAs
from early to late fruit developmental stages. Initial stages of fruit development involve
active cell division and expansion mediated by auxins and cytokinens. MicroRNAs such
as miR160, miR167 and miR399 showed higher levels of expressions at immature green
and fruit expanding stages and showed reduced expression during the later stages of fruit
development. Interestingly, miR169 and miR167 regulate ARFs which mediates the
auxin signaling indicating an important role of these miRNAs in the cell division /
expansion. The cell maturation / aging promoting miRNA were limited to miR164, the
only miRNA that is upregulated towards fruit maturation in this study. Cellular oxidation
is controlled by miR398 which may play a key role in fruit maturation / ripening by
controlling the superoxide dismutases. The transition of tomato fruit development from
early to late stages seems to be determined by multiple factors, such as the expression of
individual miRNAs and miRNA target genes, the ratio of different types of miRNAs, and
many other processes such as hormone signaling, transcriptional network and cellular
metabolism.
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MATERIALS AND METHODS
Tomato organ and fruit material
Tomato seeds (c.v. Money Maker) were sterilized and germinated on sterile medium
containing MS Salts, N&N Vitamin Mix, 1.5% sucrose and Phytagel (2.5 gm/L) and
grown in the growth chambers with 16 hrs light and 8 hrs dark photoperiod at 250C.
Roots, stems, cotyledons, and true leaves were collected from two weeks old seedlings,
fast frozen with liquid nitrogen and used for total RNA extraction. Flowers and different
stages of fruits were collected from the green house grown tomato plants, fast frozen in
liquid N2 and stored at -800C freezer.
Total RNA extraction and isolation of small RNA
Total RNAs were extracted as previously described using conventional methods (Haley
et al., 2003; Tang et al., 2003; Tang & Zamore, 2004), with some modifications for better
quality assurance and standardization (Tang et al., 2007). Briefly, tissues / organs were
frozen in liquid nitrogen and ground finely with a mortar and pestle. Total RNAs were
extracted using Trizol reagent (Invitrogen) with the following modification: total RNAs
were precipitated with isopropanol at –20 C overnight for a better precipitation of small
RNAs. RNA quality was examined prior to miRNA isolation, by running on a 1%
Formamide agarose gel for the integrity of 18S and 28S rRNAs. 100 µg of total RNA
was used for the miRNA membrane array analysis. Small RNAs of 15-28 nt were
isolated using 15% denaturing PAGE gel. A mixture of different amounts (40, 20, 10 and
5 fmol) of the four synthetic 21-nt control RNAs that were complementary to the MAC
1-4 probes was incorporated into each sample before the small RNA isolation. The gelpurified small RNAs were monitored and quantified by Nanodrop spectrophotometer
(Nanodrop Technologies).
Small RNA labeling and hybridization of array membrane
The isolated small RNAs were treated with Antarctic Phosphatase (New England
Biolabs) to remove the 5 phosphate. The phosphatase was heat-inactivated and the
dephosphorylated small RNAs were then radiolabeled with γ-P32ATP using T4
polynucleotide kinase (New England Biolabs). The labeled samples were purified by
passing through a G-25 spin column (Roche) and monitored for labeling efficiency by
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analyzing 1 µl of diluted probes (100

dilution) on a 15% sequencing gel. Only well-

labeled samples were used for further hybridization according to the published protocol
(Haley et al., 2003; Tang et al., 2003; Tang & Zamore, 2004; Tang et al., 2007). The
array membrane was pre-hybridized for at least 2 hrs at 37°C in 50% Formamide, 5X
SSPE (pH 7.4), 5X Denhardt‟s reagent, 0.5% SDS, and denatured herring sperm DNA
(160 µg/mL). The radiolabeled small RNAs were then added to the membrane in the prehybridization buffer and allowed for overnight hybridization. The overnight hybridized
membrane was rinsed and washed three times, 20 min each, at 37°C with washing buffer
(2X SSC and 0.1% SDS). The washed membrane was then wrapped and exposed to a
phosphor imager screen. The membranes were scanned using a Phosphor Imager scanner
(Typhoon 9400, Molecular Dynamics) and quantification was performed using Image
Quant software (Amersham Biosciences / GE Health care). The scanned pictures were
used as visible miRNA atlas.
Northern blot analysis
Northern blot analysis was performed as described in Chapter II. 20 µg of total RNA was
isolated from organs, run on a 15% denaturing Urea-PAGE gel, transferred on to a
membrane, blotted, and probed using DNA oligo nucleotides labeled with γ-P32. Washed
Northern blots were placed on phosphor imager screens, scanned subsequently using the
Typhoon Scanner and signals were quantified using the Image Quant software.
RNA extraction for real-time PCR of the target mRNAs of selected microRNAs
Total RNA was extracted from different tomato fruit stages using Qiagen RNeasy Mini
Kit (Cat. 74104). A total of 1µg of DNase treated RNA was used for RT reaction using
High-Capacity cDNA Archive Kit (P/N 4322171). Quantitative real-time PCR was
performed using the Power SYBR Green PCR Master Mix in “ABI-step one” instrument.
25s rRNA was used as an internal control. Target sequences for the important
microRNAs miR164 (NAC1-DB693703), miR165/166 (PHV1-BI925551; PHV2BT013577), miR167 (ARF8-EF667342) miR398 (CSD2-2-X14041; Cu-Zn-SOD1M37151) were obtained from the database. Primers (Table 3.3) were designed for the
targets along with the internal control (25s rRNA- EU161982) using the Genscript realtime PCR primer design program.
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Table 3.1 Quantified data of different tomato organ miRNA arrays
Membrane array signals were quantified using ImageQauant software. The miRNAs
printed after sofmiR408e were undetectable and were manually deleted.
S.
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

miRNA

Root

Stem

Cotyledons

athmiR156a
osamiR156k
athmiR156h
ptcmiR156k
zma156k
athmiR157a
athmiR158a
athmiR159a
sofmiR159e
ptcmiR159f
ptcmiR159e
athmiR160a
osamiR160f
ptcmiR160h
ptcmiR160g
athmiR161
athmiR162a
osamiR162b
athmiR163
athmiR164a
ptcmiR164f
sbimiR164c
osamiR164c
athmiR165a
athmiR166a
osamiR166i
osamiR166l
ptcmiR166p
athmiR167a
ptcmiR167h
osamiR168a
osamiR168b
athmiR168a

9614.33
342.29
310.21
305.22
1244.52
2038.35
0.00
128227.60
22.07
1994.87
552.11
128253.69
8765.31
73890.85
7197.33
521.79
1426.40
0.00
0.00
56940.90
27968.46
8805.32
21751.16
93928.68
202033.13
0.00
11886.29
4058.86
139047.13
320.26
78623.24
5955.57
135931.57

27253.31
1091.30
345.97
769.38
3741.47
6122.97
0.00
104944.66
0.00
1232.67
658.31
31675.83
1820.02
18017.65
1763.87
0.00
296.47
153.01
0.00
46692.13
18595.38
6859.03
11289.96
52613.89
128986.36
0.00
4796.88
1760.89
5263.40
0.00
51742.11
5769.58
150223.66

17317.19
651.28
115.18
591.38
2406.61
5284.39
274.61
72908.81
283.71
1438.80
718.35
11370.07
440.74
6762.85
712.13
306.44
665.58
87.58
13.73
8960.86
3962.96
1414.57
2551.05
29737.93
96908.19
0.00
3611.47
370.14
124920.59
1552.93
84803.59
6117.46
204106.79
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True
Flower
leaves
33996.22
316.09
1286.66
292.44
21.53
49.72
755.86
40.83
5675.99
438.68
13203.73
0.00
0.00
69.92
127923.80 3190.94
0.00
0.00
8211.98
168.29
615.17
3.47
19597.69 10040.74
934.24
638.70
15673.66 4613.49
1552.62
385.84
0.00
0.00
754.36
57.09
0.00
228.03
0.00
0.00
30132.33 37707.92
17902.67 12991.74
8082.13 3088.37
23119.97 4012.64
42404.90 10357.88
127313.21 31732.90
0.00
0.00
9904.69
941.76
0.00
401.48
627090.85 10403.79
8078.57
489.34
123041.72 9917.60
8967.34
352.44
115639.76 32204.62
Table 3.1 (continued).

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

sofmiR168b
osamiR169e
ptcmiR169x
athmiR169a
zmamiR169d
osamiR169d
osamiR169n
osamiR169q
ptcmiR169ab
osamiR169p
athmiR169g*
ptcmiR169z
ptcmiR169y
ptcmiR169aa
athmiR170
mtrmiR171
osamiR171a
osamiR171b
zmamiR171c
zmamiR171f
osamiR171i
osamiR171g
osamiR171h
athmiR171b
ptcmiR172i
ptcmiR172g
athmiR172b*
athmiR173
osamiR319a
athmiR319a
gmamiR319c
ptcmiR319i
athmiR390a
athmiR391
osamiR393b
athmiR394a
athmiR395b
ptcmiR395a
osamiR395t
mtrmiR395a
osamiR395c

130.52
147.24
55.71
134.23
0.00
3.29
0.68
98.93
0.00
0.00
70.08
148.85
22.67
91.34
796.86
0.00
1729.46
7385.29
1203.01
2687.53
0.00
147.27
297.50
1058.46
161.37
222.27
31.69
26.95
596.80
8489.63
690.83
1211.07
12114.16
20.27
52.41
130.16
165.29
139.78
0.00
95.70
0.08

1126.38
809.15
0.00
842.35
67.48
34.41
0.00
0.00
1.42
104.43
220.12
31.16
28.48
0.00
596.99
104.44
2946.62
9638.34
1397.84
5403.76
117.04
0.00
0.00
3432.79
87.79
212.90
0.00
147.49
1837.20
56508.25
171.48
9172.60
15431.99
268.32
26.58
313.47
367.77
204.83
249.14
3073.38
215.96
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1591.33
247.02
225.93
946.78
30.02
4.42
0.00
99.78
0.00
137.64
149.30
373.09
0.00
89.73
119.78
0.00
2196.16
5334.60
558.83
2674.58
236.88
165.94
59.08
934.93
287.01
42.33
84.30
51.57
252.81
4269.00
102.51
827.83
9555.14
17.13
0.00
189.94
65.63
30.85
79.42
842.37
68.63

581.02
492.55
1409.97
0.00
138.86
229.90
3041.01
210.68
20.17
163.46
0.00
177.52
38.85
128.65
0.00
51.03
131.89
284.20
144.55
70.79
26.06
0.00
0.00
221.32
33.72
515.41
0.00
26.83
647.67
0.00
0.00
31.54
15257.12 1082.94
52793.60 1135.78
6429.78
413.46
31285.69
534.16
0.00
39.88
555.74
23.51
221.59
2.29
14840.62
532.59
0.00
90.83
182.28
494.02
109.45
74.48
123.81
158.50
361.27
287.64
11331.26 1251.38
437.65
0.00
766.85
267.85
18215.70 46938.84
0.00
0.00
68.55
353.39
246.80
28.98
682.70
0.00
76.14
1.67
217.32
129.27
9346.69
671.37
273.01
85.94
Table 3.1 (continued).

75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

mtrmiR395b
osamiR395a
osamiR395u
osa-miR395v
osamiR395w
ptcmiR396f
osamiR396a
osamiR396d
ptcmiR397b
ptcmiR397c
athmiR397b
athmiR398a
osamiR398b
osamiR399a
osamiR399h
ptcmiR399d
athmiR399e
ptcmiR399k
ptcmiR399j
osamiR399k
osamiR399j
zmamiR399b
mtrmiR399d
ptcmiR399h
ptcmiR399l
athmiR400
athmiR401
athmiR402
athmiR403
athmiR404
athmiR405a
athmiR406
athmiR407
osamiR408
sofmiR408e

0.00
129.35
68.90
28.53
0.00
440.70
752.38
91.04
0.00
16.98
0.00
17.79
3300.35
11.09
139.85
164.49
156.35
0.00
0.00
0.00
190.88
436.12
525.04
0.00
90.60
93.52
2.09
55.87
0.00
0.00
159.83
88.32
43.75
5033.39
58.52

30.78
214.59
76.92
0.00
0.00
0.00
42.92
51.34
246.93
112.61
146.48
649.94
48174.70
0.00
143.24
128.35
109.33
8.87
123.50
229.92
539.77
322.91
5880.24
279.08
952.95
292.66
0.00
0.00
0.00
54.15
18.04
0.00
0.00
54614.80
0.00
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58.84
79.03
213.70
48.85
58.86
370.30
901.01
215.90
341.15
165.67
130.39
1630.57
67479.66
0.00
156.66
154.41
78.84
0.00
0.00
41.44
993.43
129.53
10397.15
0.00
802.00
0.00
180.62
111.04
6.60
92.16
0.00
375.44
0.00
40646.18
88.99

59.12
905.02
248.29
148.85
233.71
115.36
283.79
111.57
807.55
0.00
175.77
1042.69
21979.51
29.21
352.64
183.25
236.65
0.00
219.70
5.24
2624.57
75.07
7847.01
26.74
1307.32
126.20
158.87
70.76
224.26
141.59
172.25
101.03
50.97
26397.16
0.00

189.74
0.00
0.00
139.55
181.98
0.00
76.08
0.00
17.25
309.87
200.09
0.00
509.31
0.00
279.95
7.05
577.26
103.16
0.00
101.67
14.04
183.29
0.00
64.20
37.12
140.84
273.72
0.00
0.00
154.68
314.47
94.02
65.34
1017.03
10.37

Table 3.2 Quantified data of different fruit stage miRNA arrays.

Membrane array signals were quantified using ImageQauant software. The miRNAs
printed after sofmiR408e were undetectable and were manually deleted.

S.
No.

miRNA

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

athmiR156a
osamiR156k
athmiR156h
ptcmiR156k
zma156k
athmiR157a
athmiR158a
athmiR159a
sofmiR159e
ptcmiR159f
ptcmiR159e
athmiR160a
osamiR160f
ptcmiR160h
ptcmiR160g
athmiR161
athmiR162a
osamiR162b
athmiR163
athmiR164a
ptcmiR164f
sbimiR164c
osamiR164c
athmiR165a
athmiR166a
osamiR166i
osamiR166l
ptcmiR166p
athmiR167a
ptcmiR167h
osamiR168a
osamiR168b
athmiR168a
sofmiR168b
osamiR169e
ptcmiR169x
athmiR169a
zmamiR169d

Immature
Green
(IG)
1154.26
113.16
373.69
478.33
260.46
930.30
29.31
76001.20
110.09
1506.84
1124.33
25229.94
1219.20
13061.15
1465.71
240.32
472.08
100.69
0.00
31428.90
13000.14
4385.88
8885.64
138575.09
311372.57
0.00
13555.83
4230.33
74525.39
237.04
64714.70
3783.08
155970.09
805.01
587.08
49.90
696.90
121.56

Expanding
Fruit (EF)
5423.40
228.22
469.66
102.26
554.33
1012.42
0.00
99602.27
0.00
1192.48
452.01
16459.16
970.96
9322.50
627.87
0.00
382.87
0.00
150.94
56302.27
30491.02
12676.73
21774.85
58823.87
181367.66
0.00
7290.35
1069.87
40954.01
142.61
18439.48
1306.55
93650.64
13.69
615.76
0.00
430.91
0.00

Mature
Green
(MG)
0.00
145.43
138.29
106.14
0.00
5.45
0.00
4860.50
0.00
75.51
218.03
1340.09
0.00
507.02
154.33
321.17
268.25
0.00
144.13
37776.75
20996.77
6164.11
3573.37
4635.62
22750.88
0.00
790.13
250.72
1047.05
105.44
6349.04
480.26
15512.09
0.00
145.29
17.45
0.00
31.53

Breaker
(Br)

Orange
(Or)

Red Ripe
(RR)

11.59
0.00
38.39
13.75
65.33
0.00
161.01
1231.53
192.44
102.51
215.58
4945.01
184.96
820.74
330.02
358.72
68.18
0.00
158.58
80737.03
12005.46
749.59
1303.89
2850.87
18220.32
46.42
548.96
158.46
341.59
126.15
3516.21
15.17
39882.36
99.89
90.91
43.37
0.00
2.88

130.16
0.00
112.22
107.99
0.00
167.84
0.00
12299.22
27.95
38.69
230.25
3201.59
122.81
2056.02
114.77
221.09
36.13
45.68
0.00
46722.04
21177.56
7457.67
9935.22
11725.84
32997.70
0.00
1364.35
707.89
726.55
0.00
16862.10
902.83
15273.00
0.00
10.33
0.00
24.43
27.32

180.58
227.41
114.03
151.62
0.00
0.00
0.00
17206.46
3.28
250.84
432.30
3553.69
361.86
2786.93
0.00
44.07
68.83
35.69
0.00
108101.17
44983.18
16174.43
19067.09
12692.83
28608.46
0.00
1235.33
165.86
755.09
0.00
24389.73
2082.18
30565.82
30.28
0.00
83.30
35.32
0.00

Table 3.2 (continued).
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39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86

osamiR169d
osamiR169n
osamiR169q
ptcmiR169ab
osamiR169p
athmiR169g*
ptcmiR169z
ptcmiR169y
ptcmiR169aa
athmiR170
mtrmiR171
osamiR171a
osamiR171b
zmamiR171c
zmamiR171f
osamiR171i
osamiR171g
osamiR171h
athmiR171b
ptcmiR172i
ptcmiR172g
athmiR172b*
athmiR173
osamiR319a
athmiR319a
gmamiR319c
ptcmiR319i
athmiR390a
athmiR391
osamiR393b
athmiR394a
athmiR395b
ptcmiR395a
osamiR395t
mtrmiR395a
osamiR395c
mtrmiR395b
osamiR395a
osamiR395u
osa-miR395v
osamiR395w
ptcmiR396f
osamiR396a
osamiR396d
ptcmiR397b
ptcmiR397c
athmiR397b
athmiR398a

0.00
0.00
0.00
0.00
14.85
0.00
0.00
22.97
0.00
390.83
167.40
1743.98
2289.81
550.22
1859.48
90.54
127.04
18.89
1177.10
91.28
450.90
91.39
0.00
311.05
3239.81
253.09
754.28
4957.88
93.14
0.00
125.65
73.49
485.80
29.62
361.02
0.00
0.00
58.64
0.00
0.00
102.52
198.50
654.55
263.42
0.00
0.00
129.08
219.81

40.50
271.38
148.26
3.14
23.12
0.00
0.00
74.56
0.00
163.64
266.73
666.40
1362.01
487.14
1794.54
437.62
42.75
118.39
325.70
134.73
376.67
106.78
0.00
34.24
2189.89
325.94
1196.13
9157.81
38.00
140.42
96.65
75.67
111.37
0.00
137.91
132.52
147.01
150.21
0.00
6.60
35.09
98.31
1236.11
382.99
605.41
199.08
121.60
473.03

50.57
0.00
84.92
207.20
38.99
272.74
63.52
0.00
3.98
428.39
100.65
407.70
152.29
148.35
154.82
3.48
59.28
177.35
51.76
154.81
67.36
0.00
0.00
362.79
849.12
329.16
344.92
694.56
189.92
0.00
75.52
88.45
48.03
37.74
0.00
215.05
187.00
0.00
108.90
30.53
31.86
182.57
120.64
0.00
33.89
0.00
0.00
194.27

109.61
70.35
110.63
116.88
187.67
85.98
315.95
48.19
0.00
173.78
68.23
271.50
0.00
35.44
47.99
0.00
34.55
8.86
163.13
0.00
273.40
0.00
0.00
361.21
136.07
66.97
251.94
579.23
92.11
186.34
45.20
84.88
233.84
0.00
99.19
163.68
0.00
0.00
94.88
0.00
0.00
167.82
443.92
172.88
97.08
11.60
39.15
101.04

0.00
36.18
8.70
72.91
65.71
103.46
0.00
73.44
48.36
409.56
0.00
83.19
25.31
0.00
31.25
3.21
43.11
58.40
77.89
0.00
14.59
135.34
0.00
0.00
298.93
12.93
235.98
253.21
38.94
0.00
46.77
17.26
31.58
24.44
4.38
82.85
0.00
3.52
43.37
86.67
134.58
356.89
133.83
27.54
0.00
30.52
59.70
0.00

0.00
47.70
0.00
179.24
34.59
64.14
28.71
42.05
0.00
135.48
209.35
579.43
0.69
0.00
185.65
252.28
150.94
262.53
0.00
125.81
0.00
0.00
0.00
193.48
955.23
399.45
329.21
140.54
64.94
31.92
62.80
162.09
39.73
68.46
209.93
25.60
0.00
164.01
202.24
2.19
0.00
217.08
301.78
0.00
16.87
73.98
36.46
59.47

Table 3.2 (continued).
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87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

osamiR398b
osamiR399a
osamiR399h
ptcmiR399d
athmiR399e
ptcmiR399k
ptcmiR399j
osamiR399k
osamiR399j
zmamiR399b
mtrmiR399d
ptcmiR399h
ptcmiR399l
athmiR400
athmiR401
athmiR402
athmiR403
athmiR404
athmiR405a
athmiR406
athmiR407
osamiR408
sofmiR408e

2354.69
391.57
367.72
227.94
23.18
0.00
0.00
145.70
8941.61
108.93
25654.17
0.00
14182.84
0.00
11.05
0.00
45.86
120.43
267.78
314.28
109.76
7619.81
0.00

4894.30
131.83
34.86
0.00
0.00
40.03
322.33
15.66
4253.53
242.15
16781.36
0.00
9081.11
0.00
35.60
0.00
210.35
100.83
0.00
128.46
0.00
5803.79
0.00

502.72
7.88
28.20
148.62
38.05
39.36
98.38
161.29
956.22
514.46
1871.89
177.52
631.76
89.93
145.44
80.72
181.23
115.49
253.55
45.45
120.48
472.39
0.00
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500.58
8.58
0.00
42.24
154.61
0.00
157.49
116.86
79.91
131.79
339.80
0.00
128.87
0.00
0.00
231.19
0.00
73.94
0.00
0.00
0.00
355.71
36.92

935.15
106.48
23.60
79.69
165.56
0.00
0.00
18.88
564.10
0.00
486.70
62.66
412.11
70.12
33.00
33.96
36.12
47.15
19.75
3.95
6.99
355.05
13.18

549.08
18.97
46.33
144.30
0.00
75.26
49.30
50.46
1090.41
242.66
1165.41
0.00
1195.88
51.00
104.37
97.04
0.00
0.00
78.99
252.66
29.95
586.73
0.03

Table 3.3 List of primers and their sequences used for the quantitative real time
PCR.
The ESTs for the respective genes were obtained from the tomato data bases and
primers were designed using the Genscript real-time PCR primer design program.
S.

Target gene

No.

mRNA/EST

1

Tomato NAC1

TmNAC1-real-For

CTTCCCATTCGTCCTCAAAT

2

Tomato NAC1

TmNAC1-real-Rev

GTTGCTTCCAATTTCTTGCT

3

Tomato PHV1

TmPHV1-real-For

GGAAAGGCTACTGGAACTGC

4

Tomato PHV1

TmPHV1-real-Rev

ACCAATAGAATCCGGACCAG

5

Tomato PHV2

TmPHV2-real-For

ACAGGAACTGCTGTCGATTG

6

Tomato PHV2

TmPHV2-real-Rev

TCCACTGCAACTGTGTGAGA

7

Tomato SOD1

TmSOD1-real-For

CTCCTGGAGATGAAATCCGT

8

Tomato SOD1

TmSOD1-real-Rev

AAGTGCTCGTCCAACAACTG

9

Tomato CSD2

TmCSD2-real-For

GGGTGACCTGGGAAACATAG

10

Tomato CSD2

TmCSD2-real-Rev

CATCCTCAAGCTCATGAACCA

11

Tomato ARF8

TmARF8-real-For

TGTTCGGTATCGAAGGGTTGCT

12

Tomato ARF8

TmARF8-real-Rev

CCACGGATCGTCTCCAAGGAGAA

13

Tomato 25s rRNA

Tm25S-real-For

ATAACCGCATCAGGTCTCCA

14

Tomato 25s rRNA

Tm25S real-Rev

CCGAAGTTACGGATCCATTT

Primer name
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Primer sequence

Figure 3.1 MicroRNA atlases of tomato organs.
Small RNAs of 15-28 nucleotides long were isolated from 100 µg total RNAs of
various tomato organs, then labeled and hybridized with the spotted miRNA
membrane array. A. Root, B. Stem, C. cotyledon, D. True leaf, E. Flower and F.
Red ripe fruit. G. Photographs of the organs used to the draft of miRNA atlas.
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Figure 3.2 Relative expression of miRNAs in individual organs.
The quantified data of the miRNA array was used to compare the expression of
different miRNAs. The relative expression levels of different miRNAs were
plotted for comparison from the quantified array data. The organs used for such
comparison are root (A), stem (B), cotyledons (C), true leaves (D), and flower (E).
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Figure 3.3 Northern blot analyses of miRNAs from different tomato organs.
25 µg total RNAs from different tomato organs were used for Northern blot analysis
of miRNAs. Probes of 12 selected miRNAs were used for the validation. U6 was
probed as RNA loading control and standard for quantification. A. athmiR156a, B.
athmiR159a, C. athmiR160a, D. athmiR164a, E. athmiR165a, F. athmiR167a, G.
athmiR168a, H. osamiR171b, I. athmiR319a, J. athmiR390a, K. mtrmiR395a, and L.
osamiR398b.
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Figure 3.4 MicroRNA atlases for tomato fruit development.
Small RNAs were isolated from different tomato fruit stages, labeled and
hybridized with the spotted miRNA membranes. A. Immature Green (IG), B.
Expanding Fruit (EF), C. Mature Green (MG), D. Breaker (BR), E. Orange (OR) fruit and
F. Red Ripe (RR) fruit. G. Different stages of tomato fruits used to draft miRNA atlas.
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Figure 3.5 Relative expressions of miRNAs during fruit development.
The quantified data of the miRNA array was used to compare the expression
of different miRNAs. The relative expression levels of different miRNAs were
plotted for comparison from the quantified array data. A. Immature green (IG),
B. Expanding fruit (EF), C. Mature green (MG), D. Breaker (BR), E. Orange
(OR), and F. Red ripe (RR).
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Figure 3.6 Northern blot analyses of miRNAs from different stages of tomato
fruit development.
25 µg total RNAs from tomato fruits of different developmental stages were used
for Northern blot analysis of miRNAs. Probes of 9 selected miRNAs were used for
the validation. U6 was used as RNA loading control and standard for quantification.
A. athmiR159a, B. ptcmiR160h,C. athmiR164a, D. athmiR165a, E. athmiR166a, F.
athmiR167a, G. athmiR168a, H. osamiR398b, and I. mtrmiR399d.
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Figure 3.7 MicroRNA target gene expressions during fruit development.
Quantitative real-time PCR analysis of target gene expression A. NAC1 (miR164),
B&C. PHV1 and PHV2 (miR165), D. ARF8 (miR167), E&F. SOD1 and CSD2
(miR398) transcripts regulated by typical fruit developmental related miRNAs were
monitored by real-time PCR. While miR398 showed inverse correlation with its
target gene expression, miR164, miR165 and miR167 did not show inverse
correlation with their target gene expression, indicating that the expression of
miR164, miR165 and miR167 and their target genes are subject to regulation of
other mechanisms (e.g. transcriptional regulation or translational repression) in
addition to the miRNA-directed target mRNA cleavage.
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Figure 3.8 Model for roles of miRNAs in tomato fruit development.
The tomato fruit development is divided into six stages, immature green (IG),
expanding fruit (EF), mature green (MG), breaker (BR), orange (OR), and red
ripe (RR). From early to late fruit development, the tomato fruit undergoes
robust cell division (mainly in IG), expansion (mainly in EF), and size increase
(from IG to MG). After MG stage the fruit matures indicated by color change.
From the array and Northern blot analysis, miR160, miR164, miR167, miR398
and miR399 are found to play important roles in fruit development and ripening
as they show wide variation in the expression levels from IG to RR stages.

Copyright © Venugopal Mendu 2008

105

CHAPTER IV
Role of microRNAs in viral infection
Introduction
Discovery of homology dependent gene silencing, also known as „Post Transcriptional
Gene Silencing (PTGS)‟ in plants (Napoli et al., 1990; van der Krol et al., 1990; Lindbo
& Dougherty, 1992b), „quelling‟ in fungi (Meyer, 1996) and „RNA-interference (RNAi)‟
in animals (Pal-Bhadra et al., 1997; Ruiz et al., 1998; Tuschl et al., 1999; Wianny &
Zernicka-Goetz, 2000) has revolutionized the understanding of the gene regulation
mechanism. The key feature which triggers this mechanism is a double stranded RNA
which is identified and processed into 21-24 nucleotide small RNAs (siRNAs) which
silence target mRNA in a sequence specific manner by cellular machinery (Fire et al.,
1998).

The virus, an ultramicroscopic molecular pathogen that invades the host (plant), uses the
host cellular machinery for its survival and multiplication. The majority of plant viruses
(>90%) have single stranded RNA genomes which require a self-coded RNA dependent
RNA polymerase (RDRP) for their replication (Waterhouse et al., 2001). The existence
of long double stranded RNA (dsRNA) is uncommon in the living cell. When produced
the dsRNAs are immediately attacked by the Dicer and cleaved into 21-24 nucleotide
small RNAs, known as small interfering RNAs (siRNAs) (Fire et al., 1998). Plants use
this mechanism to defend against viruses. The viral replication involves the production of
dsRNA intermediates in the plant cell which is immediately attacked and cleaved by the
plant cellular machinery. This leads to the immediate destruction of the viral dsRNAs by
the Dicer resulting in the viral derived siRNAs which will help the host to attack the
newly invading virus of the same species. This mechanism is known as Viral Induced
Gene Silencing (VIGS), widely used to silence the plant genes (Ratcliff et al., 1997).
Apart from the replication intermediate dsRNA there are other sources of dsRNA
production during the virus life cycle such as homology to the host RNA, dsRNA
synthesis by the host RDRP and susceptible secondary structure of the virus genome.
Hence the virus can be a target or source and target of RNAi (Vanitharani et al., 2005;
Vaucheret, 2005b).
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To win over the host, however, viruses have developed a counter defense strategy:
suppression of gene silencing (SGS) (Anandalakshmi et al., 1998). Viruses encode SGS
proteins which interfere with the host PTGS by different mechanisms. As many as 29
different proteins involved in SGS have been identified in plant and animal viruses
(Sharma & Ikegami, 2008). There are several SGS proteins identified from different plant
viruses, however, the exact mechanism of suppression of gene silencing is not known for
all of them. Though the ultimate aim of all the SGS proteins is to counter the silencing
pathway, there is a wide variation in their sequence, structure, and mode of action
(Moissiard & Voinnet, 2004). The widely studied SGS protein of Tombus virus, P19
prevents silencing by specifically binding to the 21 nucleotide siRNA duplex (Vargason
et al., 2003; Dunoyer et al., 2004) whereas others have different mechanisms such as
prevention of siRNA accumulation (Brigneti et al., 1998; Kasschau & Carrington, 1998),
interference with Argonaute1 cleavage function (Zhang et al., 2006b), binding to siRNA
(Goto et al., 2007) and interference with the Dicer function (Chao et al., 2005). Two
negative strand plant infecting viruses, tospoviruses (Tomato spotted wilt virus) and
tenuiviruses (Rice hoja blanca tenuivirus) have been reported to possess SGS proteins
(Bucher et al., 2003) which act by binding to the siRNA and miRNA duplexes (Hemmes
et al., 2007). However, it is not yet known if SYNV, a negative strand plant infecting
nucleorhabdovirus, had any counter-silencing mechanism. Considering the existing
reports on different SGS proteins and variety of mechanisms, we attempted to investigate
the counter silencing mechanism in SYNV.

Silencing and counter silencing between the plant and virus is very important in the
successful viral infection or plant defense. Employing the SGS mechanism is common in
viral infections to avoid the plant host PTGS mechanism. Expression of SGS proteins
mimic the symptoms of viral infection indicating most, if not all plant viruses generate
symptoms due to their interference with the host PTGS (Chapman et al., 2004). The
recent discovery of microRNAs (miRNAs) has revealed the importance of miRNAs in
plant growth and development. Loss of function of miRNAs often leads to severe
phenotypes in plants. SYNV infection of Nicotiana benthamiana plants leads to the
malformation of leaves which shows recovery phenotype 4-5 WPI (Weeks Post
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Infection) (Senthil et al., 2005). This insight prompted us to investigate if expression of
plant miRNAs is affected by SYNV infection in Nicotiana benthamiana plants.
Surprisingly, the global miRNA expression in Nicotiana benthamiana was affected by
SYNV infection in a similar manner to the typical infection cycle. In our investigation we
found that SYNV infection resulted in the global down regulation of the miRNAs at two
WPI which were restored later correlating with the viral induced disease symptoms and
recovery phenotype. In this chapter we will describe the disease symptoms, response of
miRNAs based on arrays and northern blots, and discuss possible silencing and counter
silencing mechanisms between the host and virus.
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RESULTS
Profiling the microRNA expression in SYNV infected N.benthamiana plants
Though there are many reports on the presence of different counter silencing SGS
proteins in different viruses, it was not known if SYNV had any such proteins or
mechanisms of counter silencing. To investigate this phenomenon we collaborated with
Dr. Goodin from plant pathology at the University of Kentucky. Since we did not have
the virus strain or other required material and facilities for the successful infection,
maintenance, and diagnosis, we directly obtained the infected leaves and/or total RNA
from Dr. Goodin‟s lab. Membrane array technique was used to profile the miRNA
expression pattern in mock and 1-5 WPI plants.

100 µg of total RNA was used to extract the small RNAs (15-30 nucleotides) which were
5‟ end labeled and hybridized with the spotted membrane. There was a clear global
variation in the miRNA expression pattern in the post infection period (Figure 4.1)
correlating with the disease symptoms. Apparently, there was not much difference
between the mock and the 1WPI plants (Figure 4.1 A&B) however, the levels were
dramatically reduced in 2WPI plants (Figure 4.1C) and gradually recovered in 3WPI
plants (Figure 4.1D). The recovered levels were stably maintained during 4th and 5th WPI
plants (Figure 4.1 E&F). This trend of miRNA expression agreed with disease symptoms
and recovery of the SYNV infected plants. The presence of external Membrane Array
Controls (MAC) excluded the possibility of miRNA signal loss during processing (gel
extraction, precipitation and processing of labeled small RNAs). Four synthetic siRNAs
(MAC1, MAC2, MAC3 and MAC4) are used as external MACs (Materials and MethodsChapter II). These external controls were added to the total RNA samples before
beginning the small RNA extraction. Hence loss of any small RNAs would be reflected
on the membrane i.e. reduced MAC signal. Since no internal controls were established
for the small RNAs, we used external controls to normalize the expression levels. The
quantified data was normalized with the external control (MAC2) for all arrays (mock
and 1 to 5 WPI). Only values for the detectable miRNAs were retained and undetectable
values were manually deleted (Table 4.1). The quantified and visual data was in
agreement (Figure 4.1 and Table 4.1).
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Northern blot analysis of selected miRNAs
The miRNA array gave an overall idea on the expression patterns, however it lacked an
internal control (constitutively expressed small RNA of 20-30 nucleotides). To further
confirm the array data we used small RNA Northern blot analysis using plant U6 (~120
nucleotides long component of spliceosome complex) as an internal control. Eight
different miRNAs were selected for Northern analysis based on their relative abundance
in the array analysis. Individual miRNAs exhibited different expression levels in mock
and infected plants but showed a common trend of down regulation during 2WPI
followed by restoration to normal levels during the 3rd, 4th and 5th weeks (Figure 4.2).
MicroRNA159 targets mRNAs coding for MYB proteins (Rhoades et al., 2002; Xie et
al., 2005) showed a clear downregulation during 2nd WPI followed by a gradual
restoration to the normal levels (Figure 4.2A). A similar trend was observed with
miR160a (Figure 4.2B), which targets three different ARFs: ARF10, ARF16 and ARF17
(Rhoades et al., 2002; Wang et al., 2005; Hardtke, 2006). MicroRNA164 targets mRNAs
coding for the NAC domain containing transcription factors such as NAC1, CUC1 and
CUC2 (Rhoades et al., 2002; Xie et al., 2005) showed a similar trend, but levels were
decreased after 3WPI compared to 4th and 5th WPI. Nevertheless, they showed a higher
expression level than 2WPI. Another microRNA, miR165/166 which targets HD-ZIP
transcription factors such as PHB, PHV, REV, ATHB-15 (Emery et al., 2003; Mallory et
al., 2004b; Kim et al., 2005; Tang et al., 2007) were down regulated during 2nd WPI,
quickly restored to almost normal levels during 3rd WPI and maintained similar levels
during 4th and 5th WPI (Figure 4.2D). A similar trend to miR165/166 was observed in the
miR167a (Figure 4.2E) which targets ARF6 and ARF8 (Rhoades et al., 2002; Xie et al.,
2005).

A functionally important miRNA, miR168 which targets Argonaute1 (Vaucheret et al.,
2004), a key component of RISC, was also quickly restored in 3WPI plants (Figure 4.2F)
indicating importance of this miRNA in plant growth and development. MicroRNA171
was also down regulated in 2WPI plants followed by gradual restoration to normal levels
(Figure 4.2G). MicroRNA171 target SCARECROW-like proteins which were involved
in radial patterning in roots and light signaling (Reinhart et al., 2002; Rhoades et al.,
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2002; Xie et al., 2005). The TCP family of transcription factor targeting miR319
(Palatnik et al., 2003) was down regulated in 2WPI plants, quickly restored in 3WPI
plants (Figure 4.2H) and slightly upregulated in 4WPI followed by a slight down
regulation during 5WPI.
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DISCUSSION

SYNV-host interaction: new light shed on a long lasting battle
Plant and virus interaction is very important in the process of disease development. Apart
from its endogenous gene regulation, it is believed that the plant PTGS is a defense
mechanism against viruses (Voinnet, 2005). However, viruses have developed a counter
silencing mechanism known as suppression of gene silencing (SGS) for successful
infection and establishment. To counter the host PTGS mechanism, different viruses
encode different SGS proteins that vary in sequence, structure and mechanisms
(Moissiard & Voinnet, 2004). Since there is less conservation of the sequence most SGS
proteins are preliminarily identified by functional assays such as reversal of gene
silencing and interference of RISC loading or function. Here we attempted to investigate
if SYNV, a nucleorhabdovirus had any influence on miRNA biogenesis and / or function.

The SYNV and N.benthamiana interaction is an example of a battle between pathogen
and host involving infection and recovery processes. There are two distinct phases during
the infections of SYNV in host plants. In the initial acute phase (2WPI), SYNV rapidly
and systemically spreads and accumulates to high levels in the host cell nucleus and
perinuclear spaces. During 3WPI, the plants enter a recovery phase characterized by a
rapid decrease of viral RNA and structural proteins (Ismail et al., 1987; Senthil et al.,
2005). The underlying mechanism for such recovery of host plants and the recession of
the SYNV remains a mystery.

SYNV influence on miRNA expression
Recently, small RNAs particularly, microRNAs have been recognized as key players in
plant innate immunity (Voinnet, 2005; Fritz et al., 2006), plant development, and
maintenance of plant organ identities (Jones-Rhoades et al., 2006; Willmann & Poethig,
2007). Reversing the silenced GFP expression and functional replacement of SYNV-P
with three SGS proteins (p19, HCPro and 2b) strongly support the idea that SYNV-P
indeed an SGS protein (Jackson et al., 2005) however, the mechanism by which the
SYNV-P suppresses these gene silencing is not clear. Though these studies indicate
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SYNV-P as a putative SGS protein (Jackson et al., 2005), a key question remains: why
SYNV infected host plants show a strong morphological changes during post SYNV
infection. It is well known that changes of plant miRNAs can induce a dramatic alteration
of plant morphology (Jung & Park, 2007; Zhou et al., 2007). Thus it can be speculated
that SYNV may change plant morphology by affecting the plant miRNA production and /
or interfering with their function. The in vitro data in our lab (data not shown-performed
by Dr. Xiaoqing Tang) showed that SYNV-P protein, like many other viral suppressors,
directly interact with RNA silencing / miRNA pathways to suppress the host gene
silencing machinery. SYNY-P affected both Dicer activity and RISC assembly, but not
the RISC-directed target cleavage in vitro. In N. benthamiana overall miRNA levels were
affected by the SYNV infection, showing an interference of miRNA biogenesis by
SYNV both in vitro and in vivo.

There was a clear variation in the miRNA expression pattern among the arrays of mock
and post infection plants (Figure 4.1). A dramatic decrease in the miRNA expression at
2WPI followed by restoration in the following weeks indicates a global regulation of
miRNAs in these plants by SYNV infection. Infected plants showed the disease
symptoms during the 2nd WPI and developed systemic vein clearing (yellow netting),
chlorotic local lesions, malformation or cupping during second week (Senthil et al.,
2005). Interestingly, symptoms or viral proteins of infected plants often start to disappear
from 3WPI and completely disappear in 4-6WPI (Ismail et al., 1987). The restoration of
miRNA expression correlated with the recovery phenotype indicating the possibility that
disease symptoms were developed due to the SYNV mediated global downregulation of
the miRNA expression.

Northern blot analysis of eight abundantly expressed miRNAs is in agreement with the
array data. Although there is a difference in the level of miRNA expression during
recovery phase, Northern analysis of eight developmentally related miRNAs exhibited a
common trend in miRNA expression (Figure 4.2). All studied miRNAs had the lowest
expression in 2WPI followed by restoration in the following weeks (3rd, 4th & 5th weeks).
This further confirmed the array data suggesting that SYNV infection was really
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influencing the miRNA levels. A very interesting trend was noticed for some miRNAs in
the process of restoration (Figure 4.2). MicroRNA159, miR160 and miR171 showed a
gradual restoration while miR164, miR165, miR167, miR168 and miR319 showed a
sharp restoration. MicroRNAs exercise developmental control by differential expression
during different developmental stages and in different organs. Hence in the process of
restoration, some miRNAs were quickly restored to the normal levels while others were
gradually restored (Figure 4.2) suggesting that a balanced restoration is necessary to
restore the malformed leaves into the normal leaves. It is not known whether the
difference in restoration occurred at the transcriptional or post-transcriptional level
(processing by Dicer). Also the post restoration levels (in 4 and 5WPI plants) were
variable among different miRNAs indicating importance of the different miRNA
balanced expression even after restoration.

In animals, the vesicular stomatitis virus matrix protein (VSV-M) has been reported to
inhibit transcription of genes as well as nucleocytoplasmic transport (von Kobbe et al.,
2000; Petersen et al., 2001). Experiments in Dr. Goodin‟s lab also indicated similar roles
for the SYNV-M protein (Jackson et al., 2005). If SYNV-M protein has similar roles, the
observed difference in miRNA global down regulation might be due to transcriptional
down regulation. Since the primary-miRNAs are processed to mature miRNAs in the
nucleus and then exported to the cytoplasm (Papp et al., 2003), inhibition of
nucleocytoplasmic transport should have no bearing on the miRNAs. A heterologous
microarray using potato cDNA microarray showed 35, 665 and 1458 genes were
expressed differentially in response to SYNV infection at 5, 11 and 14 days post
inoculation (Senthil et al., 2005). These sets include up and down regulated genes
indicating that there was no common trend as seen incase of miRNA expression. Since
SYNV-P protein inhibited the Dicer activity in vitro it is more likely that miRNA
biogenesis in vivo is also compromised at the processing stage. It is not clear how the
plant was able to recover by clearing the virus in the 4WPI and 5WPI period. It is
possible that during the 2nd WPI, the virus dominated the host by compromising the gene
silencing pathway. However, the host may have been fighting back after 2nd WPI by
activating the gene silencing pathway. It is unclear how the SYNV quickly infects and
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replicates in host cells at the initial acute infection stage, and how SYNV eventually
activates the plant defense system (RNAi) by assessing the production of viral replication
intermediates and viral siRNAs in the infected plants. More research is needed to find the
exact mechanism of silencing and counter silencing of SYNV and N.benthamiana. In
summary, our study demonstrated that SYNV interferes with miRNA biogenesis both in
vitro and in vivo however, the mechanism by which the SYNV-P suppresses RNAi or
miRNA pathways needs further studies.
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MATERIALS AND METHODS

Plant material and miRNA array
The plants were infected, maintained and provided to us by Dr. Goodin‟s lab. The
materials and methods were followed according to the published protocol (Senthil et al.,
2005). RNA was extracted using the modified Trizol (Invitrogen) method (See materials
and methods in Chapter II). About 100µg total RNA was extracted from mock and
infected plants and used for the small RNA extraction. The membrane array was
performed as described in Chapter II materials and methods. The membranes were
exposed to Phosphor Imager screen overnight and the image was scanned with Typhoon
9400 (GE Healthcare) scanner. Signals were quantified using ImageQuant software
(Image Quant TL-GE Healthcare).

Northern blot analysis of selected miRNA
Since miRNA sequence of N. benthamiana is not known we selected probes for Northern
blot analysis from the known conserved miRNAs from different plant species. The
miRNA sequence was traced based on the signal detection on the membrane array of N.
benthamiana and probes for the representative signal were selected. Northern blot
analysis was carried out according to the protocol (Materials and methods-Chapter II).
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Table 4.1 Quantified data of miRNA arrays: Mock and 1-5 WPI.
All the miRNAs are from the Nicotiana benthamiana and detectable by the probes
derived from various known miRNAs from different species.
SYNV: Sonchus yellow net virus; WPI: Weeks Post Infection; MAC: Membrane Array
Control; ath, Arabidopsis thaliana; gma, Glycine max; mtr, Medicago truncatula; osa,
Oryza sativa; ppt, Physcomitrella patens; ptc, Populus trichocarpa; sof, Saccharum
officinarum; sbi, Sorghum bicolor; zma, Zea mays.
No.

miRNA

Mock

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

athmiR159a
sofmiR159e
ptcmiR159f
ptcmiR159e
athmiR160a
osamiR160f
ptcmiR160h
ptcmiR160g
athmiR164a
ptcmiR164f
sbimiR164c
osamiR164c
athmiR165a
athmiR166a
osamiR166i
osamiR166l
ptcmiR166p
athmiR167a
ptcmiR167h
osamiR168a
osamiR168b
athmiR168a
osamiR171a
osamiR171b
zmamiR171c
zmamiR171f
athmiR171b
osamiR319a
athmiR319a
gmamiR319c

1123.51
151.61
171.61
146.59
1127.27
132.58
424.50
148.71
5606.48
2365.14
569.13
550.47
632.16
2901.55
128.27
211.68
146.75
894.70
183.02
874.49
137.34
5738.47
232.23
260.06
156.32
299.33
197.61
114.10
172.34
139.36

1WPI
1830.73
452.57
477.79
455.36
1668.75
387.67
704.89
398.67
13877.34
3728.11
834.04
876.63
1323.16
4167.69
452.96
477.94
490.20
1273.16
455.17
1426.40
452.53
13936.99
764.59
650.54
493.78
591.36
449.35
390.11
524.83
369.06
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SYNV infected plants
2WPI
3WPI
4WPI
5WPI
294.55 653.06
417.42
705.95
115.03 391.12
114.31
430.06
88.44
512.70
122.41
467.30
102.48 485.30
116.50
492.82
310.49 765.72
339.71
644.71
110.52 432.79
112.19
493.34
176.27 527.24
185.96
602.68
175.78 480.95
142.54
570.87
188.97 1881.70
605.74
2764.72
129.10 816.65
254.09
1169.40
73.52
547.25
132.25
495.63
70.67
574.56
164.54
546.80
78.40
698.26
536.46
618.31
172.91 1606.20 1656.97 1819.40
66.76
427.01
143.31
393.73
88.87
482.89
151.13
447.60
155.15 465.59
121.28
489.63
135.29 864.33
390.45
981.22
97.32
423.57
125.62
615.01
162.82 663.37
485.63
675.66
153.04 430.79
241.05
561.68
156.53 2244.19 1404.64 1750.84
76.75
487.03
100.42
601.25
62.24
499.07
104.70
586.48
65.50
415.79
97.67
484.27
58.98
455.05
87.90
474.75
72.93
415.04
112.91
479.12
100.44 390.71
119.58
477.19
127.06 400.84
149.52
551.26
150.64 393.76
180.51
489.81
Table 4.1 (continued).

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

athmiR391
osamiR393b
athmiR394a
athmiR395b
ptcmiR395a
osamiR395t
mtrmiR395a
osamiR395c
mtrmiR395b
osamiR395a
osamiR395u
osamiR395v
osamiR395w
ptcmiR396f
osamiR396a
ptcmiR397b
osamiR398b
mtrmiR399d
osamiR408
MAC1
MAC2
MAC3
MAC4

124.73
107.28
107.78
111.49
105.81
90.46
99.87
110.68
107.65
108.27
99.42
104.07
101.14
101.20
154.87
135.11
266.14
266.16
1887.87
2681.1
1643.0
346.9
278.9

415.44
427.85
364.56
329.33
364.16
378.36
351.37
331.74
346.07
336.10
319.33
307.86
348.52
310.30
478.20
420.47
695.62
384.39
2192.26
2051.2
1643.0
475.2
347.2

118

63.37
59.11
64.35
62.83
61.21
55.95
59.71
68.71
66.00
70.87
89.42
94.91
121.99
138.45
79.35
71.28
65.75
102.94
197.05
2819.5
1643.0
276.9
305.7

385.38
388.37
350.11
392.55
345.42
426.97
426.67
461.49
350.47
383.72
437.18
392.01
434.23
394.15
382.61
363.22
410.42
358.94
1025.42
3709.2
1643.0
792.8
665.6

110.07
103.88
90.22
95.15
100.51
99.41
98.50
114.63
108.16
102.83
109.00
128.97
166.46
189.42
85.70
94.42
171.86
103.29
369.71
2669.9
1643.0
738.8
731.5

409.18
441.78
439.89
366.07
418.50
392.63
412.06
418.45
412.56
482.53
501.98
449.47
483.34
421.42
455.19
426.30
448.70
482.35
759.78
1656.0
1643.0
587.5
554.6

Figure 4.1 MicroRNA membrane arrays of mock and SYNV infected plants.
MicroRNA membrane array analysis of N.benthamiana leaves. Arrays show
downregulation of miRNAs during 2 weeks post inoculation of SYNV. Small RNAs
of 15-28 nt were isolated from 100 µg total RNA from the leaves, labeled and
hybridized with the spotted miRNA membranes. A. SYNV-Mock; B. SYNV-1WPI;
C. SYNV-2WPI; D. SYNV-3WPI; E. SYNV-4WPI; F. SYNV-5WPI. Weeks post
SYNV inoculation (WPI).
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Figure 4.2 MicroRNA Northern blot analysis of Mock and SYNV infected
plants.
Eight microRNAs were analyzed by Northern blots using the probes from
Arabidopsis and Oryza sativa. MicroRNAs were normalized by U6 RNA. A.
ath159a; B. ath160a; C. ath164a; D. ath165a; E. ath167a; F. ath168a; G. osa171b
and H. ath319a. WPI: week post inoculation; M: Mock; ath: Arabidopsis thaliana;
osa: Oryza sativa.
Copyright © Venugopal Mendu 2008
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SUMMARY

MicroRNAs (miRNAs) are a class of 21-24 nucleotides non-coding RNAs involved in
post-transcriptional gene regulation. MicroRNAs are known to play important roles in
various aspects of plant life. The present study was carried out to investigate the role of
miRNAs in plant abiotic stress, development and viral infection. A microRNA membrane
array was developed by spotting the antisense DNA oligonucleotides to the known
miRNAs from different plant species from which they have been identified. MicroRNA
membrane array analysis of tobacco (Nicotiana tabaccum) subjected to five different
abiotic stress conditions (Dehydration, Abscisic acid, Salt, Cold and Heat stresses) led to
the identification of a total of 22 abiotic stress responsive miRNAs from 12 different
families. Of the 12 different families, seven families (miR171, miR319, miR390,
miR397, miR398, miR399, and miR408) have been already reported as abiotic stress
responsive while five families (miR156/157, miR164, miR166, miR167 and miR168) are
novel abiotic stress responsive families identified in the present investigation.

The novel abiotic stress responsive miR168, which regulates Argonaute1, a key
component of RISC (RNA Induced Silencing Complex) has been selected for further
investigation for its role in plant abiotic stress. Since miR168 targets Argonaute1 which
has the potential to influence the stability of other miRNAs, it is hypothesized that the
miR168 is indirectly involved in abiotic stress by influencing other miRNAs. To test this
hypothesis, the miR168 was overexpressed using CaMV35s promoter (Cauliflower
Mosaic Virus 35s) in Arabidopsis thaliana. To increase the specificity as well as to
eliminate its binding to the off targets, a 3M-miR168 (mutated three nucleotides, without
disturbing the secondary structure of stem loop structure to have 100% complementarity
with the Argonaute1 mRNA) was expressed under CaMV35s promoter. MicroRNA
membrane arrays of transgenic plants overexpressing miR168 and 3M-miR168 showed
an upregulation of five miRNA families (miR163, miR167, miR395, miR398 and
miR408) compared to wild type plants. Interestingly, all the induced miRNAs are either
directly or indirectly involved in abiotic stress response. Among the induced miRNAs,
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the miR398 is well characterized for its role in plant abiotic stress by the posttranscriptional regulation of two Cu/Zn superoxide dismutases (CSD1 and CSD2).

To investigate this phenomenon nine independent miR168 overexpressing lines were
analyzed for miR168 and its target gene Argonaute1 mRNA expression. All the
independent lines showed overexpression of miR168 and downregulation of Argonaute1
mRNA compared to wild type plants. Further analysis of miR168 overexpressing plants
showed an induction of miR398 in all the independent lines compared to wild type plants.
It is known that miR398 specifically targets two CSDs that are involved in the conversion
of ROS (Reactive Oxygen Species) into Hydrogen peroxide which is in turn converted
into molecular oxygen and water by ascorbate peroxidase / glutathione peroxidase.
Analysis of CSD1 and CSD2 mRNA expression by quantitative real-time PCR showed
down regulation in nine independent transgenic lines compared to wild type plants. Since
transgenic plants (mir168 and 3M-miR168 over expressing plants) have higher miR398
levels which post-transcriptionally down regulates the CSDs, these plants should be less
efficient in conversion of ROS into Hydrogen peroxide hence should be susceptible to
oxidative stress. To test this phenomenon, bioassays were performed using heavy metal
oxidative stress tolerance. As expected, the copper oxidative stress tolerance bioassays
showed susceptible nature of transgenic plants compared to wild type plants. All these
results are in agreement with the hypothesis that miR168 is involved in the abiotic stress
by inducing other abiotic stress responsive miRNAs.

The second objective of the present investigation was focused on the miRNA atlas of
tomato (Solanum lycopersicum L.). MicroRNAs are discovered by the small RNA
cloning and sequencing from various plant species. Most of the identified miRNAs
showed a high degree of conservation across the plant kingdom. Here, we have drafted a
framework of miRNA atlas for the tomato organs and fruit developmental stages using
the currently known miRNA sequence data of different plant species by miRNA
membrane array method. The miRNA atlas of tomato consists of two main parts: one for
different organs (root, stem, cotyledon, true leaf, flower and red ripe fruit) and the other
for different stages of fruit development (immature green, expanding fruit, mature green,
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color breaker, orange and red ripe fruit). A large variation in both the number and level of
detectable miRNA expression pattern was noticed among different organs as well as
different fruit developmental stages. The variation in the miRNA expression pattern
among different organs indicates a potential role of the miRNAs in the organ
development and / or identity. Particularly, a gradual decrease in the expression level of
three miRNAs (miR160h, miR167a and miR399d) has been noticed towards the fruit
maturation where as one miRNA (miR164a) showed an enhanced expression towards
fruit ripening indicating a potential role of miRNAs in fruit development and maturation.
Oxidative stress responsive miR398 showed a variable expression pattern with dual peaks
during the fruit development and ripening. Analysis of the target genes of miR164,
miR167 and miR398 showed different correlations (positive, negative or no correlation)
with miRNAs indicating a possible transcriptional and post-transcriptional regulation of
the target genes. In the present investigation we found a window of expression for
different miRNAs during fruit development indicating potential miRNA mediated target
gene regulation in the fruit development and maturation. A tentative model has been
proposed for miRNA directed tomato fruit development in relation to cell division,
expansion and maturation.

The third objective was to study the role of miRNAs in plant viral infection. Post
transcriptional gene silencing (PTGS) plays an important role in plant defense
particularly against viruses. Viral double stranded structures and / or double stranded
intermediates or existing viral derived siRNAs could trigger the gene silencing. In
contrast the virus, a direct target of the host PTGS system, has developed various
strategies to counter-act the host silencing machinery by interfering with the host PTGS
system. Sonchus yellow net virus (SYNV), a nucleorhabdo virus develops systemic vein
clearing (yellow netting), chlorotic local lesions, malformation or cupping during second
week of post inoculation (WPI). Interestingly, symptoms or viral proteins of infected
plants often start to disappear 3WPI and completely disappear in 4-5 WPI. MicroRNA
profiling of SYNV infected leaves of Nicotinana benthamiana showed a general
interference of miRNA production. The miRNA expression pattern correlated with the
SYNV infection cycle: i.e the more viruses in the plants, the more severe symptoms, the
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higher inhibition of miRNA production. Four to five weeks after infection, the infected
plants gradually overcame the SYNV infection and the overall production of miRNAs
was recovered to almost normal levels. The miRNA profiling and Northern analysis
supported the idea that the SYNV indeed interfered with the host miRNA biogenesis and
caused the symptoms and recovery phenotypes in Nicotiana benthamiana.

Overall studies on plant abiotic stress, development and viral infection showed important
roles of miRNAs in different aspects of plant life. Induction of a set of miRNAs in the
miR168 overexpressed plants, variation of miRNA levels among tomato organs and fruit
stages and global variation in the miRNA levels in viral infections indicates the fact that
the miRNA levels might be regulated both at the transcriptional and post-transcriptional
level (Dicer activity and sorting into different RISCs).
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